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ABSTRACT
Hammett rho v a lu es  fo r  a v a r ie ty  o f  atom t r a n s f e r  re a c t io n s  a re  
r e p o r te d . The r e a c t io n  o f  t e r t -b u ty l  r a d i c a l s ,  g en era ted  by p h o to ly ­
s i s  o f  e i th e r  2 ,2 * -azo iso b u tan e  o r t e r t -b u ty l  p e ro x y p iv a la te , w ith  a 
s e r ie s  o f  11 s u b s t i tu te d  to lu e n e s  was s tu d ie d  a t  30°  • The analogous 
r e a c t io n  o f  iso p ro p y l r a d i c a l s ,  produced by p h o to ly s is  o f  2 , 2 ' -a zo p ro - 
pane a t  30°» was a ls o  in v e s t ig a te d .  R ate c o n s ta n ts  fo r  hydrogen 
a b s t r a c t io n  from th e  to lu e n e s  were m easured r e l a t i v e  to  r a t e  c o n s ta n ts  
fo r  deu terium  a b s t r a c t io n  from b e n z e n e th io l-d  o r 2 -m eth y l-2 -p ro p an e- 
th io l - d .  A Hamnett tre a tm e n t o f  th e  d a ta  fo r  th e  t e r t -b u ty l  r a d ic a l  
g iv es  p = 1 .0 + 0 .1  fo r  23 d a ta  p o in ts .  T h is i s  th e  f i r s t  p o s i t iv e  
rho v a lu e  re p o r te d  fo r  a hydrogen a b s t r a c t io n  r e a c t io n  from to lu e n e s  
by a f r e e  r a d i c a l .  For th e  iso p ro p y l r a d i c a l ,  p = 0 .8  + 0 .1  fo r  
21 d a ta  p o in ts .  R e la tiv e  r a t e s  o f  hydrogen a b s t r a c t io n  from 12 
s u b s t i tu te d  to lu e n e s  by the  undecyl r a d i c a l ,  g en era ted  by th e rm o ly s is  
o f  la u ro y l perox ide  a t  8 1 ° , were determ ined  by th e  method o f  com peti­
t iv e  d isap p earan ce  o f  s u b s t r a te s .  These d a ta  y ie ld  a rho v a lu e  o f 
0 .5 0  + 0 .0 8  fo r  12 d a ta  p o in ts .
These p o s i t iv e  rho  v a lu es  in d ic a te  th e  inadequacy o f  A. A. 
Z a v i ts a s ' p ro p o sa l t h a t  c o n s id e ra t io n  o f  c h a rg e -se p a ra te d  sp e c ie s  in  
the  t r a n s i t i o n  s t a t e  i s  unnecessary  and th a t  on ly  n e g a tiv e  rho v a lu es  
a re  p o s s ib le  because e le c tro n -d o n a tin g  s u b s t i tu e n ts  weaken b e n zy lic  
G-H bonds. However, i t  i s  no more l ik e ly  t h a t  s u b s t i tu e n ts  would 
e x e r t  t h e i r  in f lu e n c e  on ly  on t r a n s i t i o n  s t a t e s  ( th e  t r a d i t i o n a l  
p o la r  e f f e c t s  argum ent) th a n  i t  i s  th a t  th e y  would o n ly  a f f e c t  ground
xi
s t a t e s  (Z a v i ts a s 1 c o n c e p t) . T h e re fo re , atom t r a n s f e r s  which empha­
s iz e d  th e  d u a l i ty  o f  p o la r  e f f e c t s  on the  t r a n s i t i o n  s t a t e  (PETS) 
a s  w e ll as on th e  ground s t a t e  (PEGS) were in v e s t ig a te d .
Rate c o n s ta n ts  fo r  io d in e  a b s t r a c t io n  from te n  s u b s t i tu te d  io d o - 
benzenes by p a ra -n itro p h e n y l r a d ic a ls  from th e rm o ly s is  o f  1 - n i t r o - ^ -  
( tr ip h en y lm e th y 1azo)benzene a t  60° were m easured r e l a t i v e  to  r a t e  
c o n s ta n ts  fo r  c h lo r in e  a b s t r a c t io n  from carbon t e t r a c h l o r id e .  A 
Hamnett tre a tm e n t o f  th e se  d a ta  g iv e s  p = 0 .1  +  0 .2  fo r  10 d a ta  
p o in ts .  Hydrogen a b s tr a c t io n s  from s u b s t i tu te d  b e n z e n e th io ls  by 
undecyl and t e r t -b u ty l r a d ic a l s  were a lso  s tu d ie d  by th e  method o f 
co m p e titiv e  d isap p earan ce  o f s u b s t r a te s .  From th e se  d a ta ,  p = -0 .3 ^  +
0 .05  (13 p o in ts )  fo r  th e  undecyl r a d ic a l  and p = 0.U + 0 . 1  (9  p o in ts )  
fo r  th e  t e r t -b u ty l r a d i c a l .
On th e  b a s is  o f  th e se  rho v a lu e s , i t  must be reco g n ized  th a t  a 
s u b s t i tu e n t  in f lu e n c e s  th e  energy o f bo th  th e  ground and t r a n s i t i o n  
s t a t e s .  I t  i s  th e  d if f e r e n c e  in  th e se  two in f lu e n c e s  which d e te r ­
m ines th e  n e t r a t e  e f f e c t  produced by th e  s u b s t i t u e n t .  In  r in g -  
s u b s t i tu te d  to lu e n e s , e le c tro n -d o n a tin g  s u b s t i tu e n ts  weaken the  
b e n z y lic  C-H bond; th u s , in  t h i s  system  PEGS a f f e c t  th e  r a t e  in  a 
d i r e c t io n  which would cause a l l  r a d ic a l s  to  e x h ib i t  a n eg a tiv e  
rho  v a lu e . However, PETS modify the  rho  v a lu e s  r e s u l t in g  from 
PEGS; fo r  a lk y l  r a d ic a ls  th e  observed rho i s  p o s i t iv e  due to
PETS o f  th e  type : „ 4. * _
[R* H *CH2Ar <------> R H rCHj^Ar]
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I n  r in g - s u b s t i tu te d  a ry l  io d id e s , e le c tro n -d o n a tin g  s u b s t i tu e n ts  
s tre n g th e n  th e  A r-I bond, and in  t h i s  system  th e  rho fo r  a l l  
r a d ic a l s  would be p o s i t iv e  i f  on ly  PEGS were in v o lv ed . A gain, 
how ever, PETS cause a p e r tu rb a t io n ,  and v e ry  e le c tro n e g a tiv e  
r a d ic a l s  produce rho  v a lu e s  which a re  n e a r ly  z e ro . In  s u b s t i tu te d  
b e n z e n e th io ls , PEGS r e s u l t  in  n e g a tiv e  rhos fo r  a l l  bu t the  most 
n u c le o p h ilic  r a d i c a l s .  Only w ith  r a d ic a l s  such as t e r t -b u ty l 
a re  th e  p e r tu rb a tio n s  due to  PETS s u f f i c i e n t  to  overpower th e  
ground s t a t e  e f f e c t s  and produce a p o s i t iv e  rh o .
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INTRODUCTION 
POLAR EFFECTS IN RADICAL REACTIONS.
Although i t  m ight no t be expected  th a t  th e  re a c t io n s  o f  n e u tr a l  
f r e e  r a d ic a l s  would respond to  f a c to r s  which a f f e c t  io n ic  r e a c t io n s ,  
such a view would be ex trem ely  n a iv e . In  f a c t ,  n e u tra l  m o lecu les , 
which should  be even le s s  p o la r iz a b le  th an  f r e e  r a d ic a l s ,  respond 
to  p o la r  in f lu e n c e s .  For exam ple, th e se  m o lecu les may form ch a rg e - 
t r a n s f e r  complexes w ith  o th e r  n e u tr a l  m o lecu les ; the  s t a b i l i t y  o f  
th ese  complexes depends on th e  s u b s t i tu e n t  in  th e se  n e u tra l  m olecules 
and on th e  n a tu re  o f th e  s o lv e n t .1 F urtherm ore , th e  s t a b i l i t i e s  
( i , . e . , h e a ts  o f  fo rm atio n ) o f  n e u tr a l  m olecu les X-Y, where X and Y 
d i f f e r  in  e le c t r o n e g a t iv i ty ,  a re  in flu en c ed  by resonance c o n tr ib u ­
t io n s  o f  h y b rid s  w ith  d ip o la r ,  c h a rg e -se p a ra te d  forms (eq I . i ) j
P au lin g  has used th e  s t a b i l i z i n g  c o n tr ib u tio n s  o f  th e se  io n ic  
resonance  s t r u c tu r e s  to  e x p la in  why th e  observed  bond s tr e n g th  o f 
X-Y i s  g r e a te r  th an  th e  energy  o f  a normal c o v a le n t bond betw een X
The f i r s t  o b se rv a tio n s  o f  th e  s e n s i t i v i t y  o f  r a d ic a l  r e a c t io n s  
to  p o la r  e f f e c t s  were p u b lish ed  in  19^5~^T* Mayo,3 P r ic e ,4 B a r t l e t t 5 
and cow orkers p o s tu la te d  t h a t  d ip o la r  resonance  s t r u c tu r e s  cause th e  
t r a n s i t i o n  s t a t e s  fo r  c e r t a in  r a d ic a l  r e a c t io n s  to  be more s ta b le  
th an  expec ted  and th a t  th e se  p o la r  s t r u c tu r e s  m arkedly in f lu e n c e  th e
Y < ~ >  X" +Y] ( 1 . 1)
and Y .2
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r e a c t i v i t y  p a t te rn s  o b serv ed . T h is p o la r  e f f e c t  on t r a n s i t i o n  
s t a t e  s t a b i l i t y  was f i r s t  proposed to  e x p la in  th e  pronounced a l t e r ­
n a tin g  tendency in  th e  co p o ly m eriza tio n s  o f  e le c t r o n i c a l ly  d i f f e r e n t  
monomers3”6 and th e  rem arkably  r a p id  decom position  o f  benzoyl 
p erox ide  in  d ie th y l  e th e r  s o lv e n t .8 In  th e  subsequen t y e a r s , th e se  
p o la r  e f f e c t s  have been used to  r a t i o n a l i z e  th e  tendency toward 
c ro s s - te rm in a tio n  r e a c t io n s ,  c e r t a in  e f f e c t s  in  a u to x id a tio n s , and 
a v a r ie ty  o f  o th e r  r a d ic a l  r e a c t io n s .9 ”13 These o th e r  r e a c tio n s  
were o f te n  s tu d ie d  by use o f  th e  Hammett e q u a tio n .14*15
Even though th e  Hamnett e q u a tio n  was o r ig i n a l ly  developed to  
c o r r e la te  th e  e f f e c t s  o f  s u b s t i tu e n ts  on io n ic  r e a c t io n s ,16-18 th i s  
r e la t io n s h ip  has been s a t i s f a c t o r i l y  a p p lie d  to  many types o f  
r a d ic a l  r e a c t io n s ,  e . g . ,  atom t r a n s f e r s , 9-15 a d d i t io n s ,1 3 -1 5 >19 
c o p o ly m e riz a tio n s ,9 d e co m p o s itio n s ,9 *20 d is p r o p o r t io n a t io n s ,21 and 
(3 -sc issions , 22 I  f e e l  th a t  th e  most d i r e c t  ev idence  fo r  p o la r  
e f f e c t s  on r a d ic a l  r e a c t io n s  comes from s tu d ie s  o f  th e  a p p l ic a t io n  
o f th e  Hammett e q u a tio n  to  atom a b s t r a c t io n  r e a c t io n s .14*15 Indeed , 
such s tu d ie s  a re  th e  s u b je c t  o f  t h i s  d i s s e r t a t i o n .
In  c o n s id e rin g  th e  c o r r e la t io n  betw een r e l a t i v e  - r a t e s  and s u b s t i ­
tu e n t  c o n s ta n ts ,  th e  fo llo w in g  d e s c r ip t io n  o f  atom a b s t r a c t io n  
r e a c t io n s  (eq 1 .2 )  has developed .
k
R. + QX - S—-> RX + Q" (1 .2 )
D ip o la r resonance  s t r u c tu r e s  such a s  2 o r 2, as w e ll as th e  uncharged 
h y b r id , JL, (eq I . 3) a re  p o s tu la te d  as c o n tr ib u tin g  to  th e  c h a ra c te r  
o f  the  t r a n s i t i o n  s t a t e  (T S).
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[ R .  x  *Q <-----> R? X +Q <----->  R+ X :Q] ( 1 . 3 )
± 2  2.
The r e l a t i v e  im portance o f  th e se  s t r u c tu r e s  depends on th e  n a tu re
-f- - f  -
o f  R* and Q. . I f  Q i s  more s ta b le  th a n  R and i f  R i s  more 
s ta b le  than  Q , th en  2 makes a more im p o rtan t c o n tr ib u t io n  to  the  
s t a b i l i t y  o f  th e  TS th an  does 2» and a n eg a tiv e  Hammett rho v a lue  
would be ex p ec ted . S ince n e g a tiv e  rho  v a lu es  w ere, in  f a c t ,  observed 
fo r  hydrogen a b s t r a c t io n s  from s u b s t i tu te d  to lu e n e s  by e l e c t r o p h i l i c  
r a d ic a l s  such as CH3 ’ , C6H5 *, t-C 4H90 * , Br*, and C l* ,14’15 t h i s  p o la r  
e f f e c t s  concept gained  wide acc e p tan c e , as ev idenced  by i t s  use in  
b o th  monographs9-12 and e lem en ta ry  te x tb o o k s .24
According to  t h i s  p o la r  e f f e c t s  argum ent, the  im portance o f  th e  
c o n tr ib u t io n  o f  resonance  s t r u c tu r e  2 to  th e  TS should  in c re a se  w ith  
the  e l e c t r o p h i l i c i t y  o f  R* . Because th e  amount o f  p a r t i a l  p o s i t iv e  
charge on Q grows as R becomes more e le c t r o n e g a t iv e ,  th e  in f lu e n c e  
o f  s u b s t i tu e n ts  on th i s  charge and , th e r e f o r e ,  on th e  energy o f th e  
t r a n s i t i o n  s t a t e  a ls o  in c re a s e s .  Hence, th e  m agnitude o f  rho would 
be expec ted  to  p a r a l l e l  th e  e le c t r o n  a f f i n i t y  o f  R*. T his t re n d  i s  
g e n e ra l ly  t r u e ;  th e  r a d ic a l s  a re  l i s t e d  above in  th e  o rd e r  o f  
in c re a s in g  e le c t r o n  a f f i n i t y , 25 and th e  a b so lu te  v a lu e  o f  p in c re a s e s  
in  th e  fo llo w in g  m anner: CH3 * < CgHs* < t^^HgO* < Cl* < Br* , 14 , 15
The d isc rep an cy  in  th e se  two s e r i e s  fo r  Cl* and Br* has been r a t i o n ­
a l iz e d  in  term s o f  a  dependency o f  rho v a lu e s  on th e  h e a t  o f  th e  
r e a c t io n  . 26 A ccording to  th e  Hanmond P o s tu la te ,2 7 *28 th e  TS fo r
th e  r e a c t io n  o f  to lu e n e  and Cl* ( AH = -18 k ca l/m o le29) more n e a r ly  
resem bles i t s  r e a c ta n ts  th an  th e  TS fo r  th e  le s s  exotherm ic r e a c ­
t io n  w ith  Br* ( AH = -5  k ca l/m o le29) resem bles i t s  r e a c ta n t s .  S ince 
th e re  i s  l i t t l e  C-H bond b reak in g  and Cl-H bond making in  th e  
t r a n s i t i o n  s t a t e  o f  th e  Cl* r e a c t io n s ,  on ly  s l i g h t  charge d evelop ­
ment on to lu e n e  and Cl has o c cu rred . S u b s ti tu e n ts  in  the  r in g  o f  
th e  to lu en e  w i l l  have l i t t l e  a f f e c t  on the  s t a b i l i t y  o f  th e  t r a n s i ­
t io n  s t a t e  because th e  d ip o la r  h y b rid  2 i s  no t an im p o rtan t c o n t r i ­
b u to r  to  th e  c h a ra c te r  o f  th e  TS. S ince th e  r e a c t io n  o f  Br* and 
to lu e n e  i s  o n ly  s l i g h t l y  ex o th erm ic , c o n s id e ra b le  bond re o rg a n iz a ­
t io n  and charge developm ent w i l l  have o ccu rred  a t  th i s  t r a n s i t i o n  
s t a t e .  S tru c tu re  2 i s  a s ig n i f ic a n t  c o n tr ib u to r  to  t h i s  TS, and 
s u b s t i tu e n ts  in  the  to lu en e  w i l l  s tro n g ly  a f f e c t  i t s  s t a b i l i t y .  
T h e re fo re , in  a b s t r a c t in g  hydrogen atoms from to lu e n e s , Br* i s  
e f f e c t iv e ly  more e l e c t r o p h i l i c  th an  Cl* because th e  TS o f th e  Br* 
re a c t io n  in v o lv es  more bond b reak in g  th an  does th e  co rrespond ing  
TS fo r  Cl* . T his la r g e r  amount o f  bond b re a k in g , r e s u l t in g  in  a 
more e f f e c t iv e  use o f  th e  e le c t r o n e g a t iv i ty  o f  Br*, accounts fo r  
th e  la rg e r  p v a lu e  o f  th e  Br* r e a c t io n .
In  1972, Z a v its a s  and P in to  ch a llen g ed  t h i s  p o la r  e f f e c t s  
concept and proposed th a t  th e  r e a c t i v i t y  o f  to lu e n e s  p a r a l l e l s  t h e i r  
b e n zy lic  C-H bond d i s s o c ia t io n  e n e rg ie s  (BDE's) "w ith o u t p o s tu la t in g  
charge s e p a ra t io n  in  th e  t r a n s i t i o n  s t a t e . " 30 In  o th e r  w ords, 
Z a v i ts a s ,  ta k in g  no te  o f  the  f a c t  th a t  only  n eg a tiv e  rho v a lu es  
were th en  known fo r  r e a c t io n s  o f  th e  type o f  eq I . k ,  suggested  th a t
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e le c tro n -d o n a tin g  s u b s t i tu e n ts  weaken b e n z y lic  C-H bonds and e l e c ­
tro n -w ith d raw in g  s u b s t i tu e n ts  s tre n g th e n  th e se  bonds, and th a t  a l l  
re a c t io n s  l ik e  eq I.U  have n e g a tiv e  rho  v a lu es  p u re ly  because o f 
th e  e f f e c t s  o f  p o la r  s u b s t i tu e n ts  on ground s t a t e s .
R* + ArCH3 -----> RH + ArCH2 * ( l . 4 )
To su p p o rt h is  proposed o rd e r o f  BDB's fo r  s u b s t i tu te d  to lu en es  
(ArCH3 ) ,  Z a v itsa s  p re se n ts  th e  fo llo w in g  argum ents. S u b s t i tu t io n  o f 
an e lec tro n -w ith d raw in g  group Y fo r  a hydrogen in  methane causes a 
p e r tu rb a t io n  o f th e  p re v io u s ly  sp3 o r b i t a l s  to  a llow  a d o n a tio n  o f 
e le c tro n s  from th e  m ethyl group to  Y. T h is  d o n a tio n  can be co n sid e red  
to  be e f fe c te d  by in c re a s in g  th e  p c h a ra c te r  o f  th e  Y-CH3 bond. This 
p e rtu rb e d  o r b i t a l  i s  le s s  e le c t r o n  a t t r a c t i n g  and has e le c t ro n  d e n s i ty  
d i s t r ib u te d  fu r th e r  from th e  C atom th a n  th e  sp3 o r b i t a l .  R eh y b rid i­
z a t io n ,  o f  c o u rse , a f f e c t s  th e  C-H o r b i t a l s  cau s in g  an in c re a s e  in  s 
c h a ra c te r  o f  th e se  bonds. T h e re fo re , th e se  C-H bonds a re  s tro n g e r  in  
YCH3 th an  in  m ethane. A pplying t h i s  re a so n in g  to  s u b s t i tu te d  to lu e n e s , 
Z a v its a s  concludes th a t  th e  BDE o f  th e  b e n z y lic  C-H bond o f  to lu e n e s  
s u b s t i tu te d  w ith  e lec tro n -w ith d ra w in g  groups i s  g re a te r  th an  th a t  o f 
to lu e n e .
Z a v itsa s  a ls o  c i t e s  ex p erim en ta l ev idence  fo r  h is  hypo thesized
13o rd e r  o f  BDE's. S ince C-H nmr co u p lin g  c o n s ta n ts  a re  r e la te d  to  
th e  p e rc e n t s c h a ra c te r  o f  th e  bond, and s in c e  th e se  c o n s ta n ts  fo r  
s u b s t i tu te d  to lu e n e s  can be c o r r e la te d  by th e  Hammett eq u a tio n  w ith  
a p = 1 .7 ,31 the  s c h a ra c te r  and , th e r e f o r e ,  bond s t r e n g th  in c re a se
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w ith  in c re a s in g  e le c t r o n e g a t iv i ty  o f  the  s u b s t i tu e n t .  R esu lts  
re p o r te d  by Lewis and B u tle r  a re  a ls o  r e l e v a n t .32 By c o r r e la t in g  
prim ary  iso to p e  e f f e c t s  fo r  a b s t r a c t io n  from b e n ze n e th io l by a 
s e r ie s  o f r a d ic a ls  w ith  the  h e a ts  o f  r e a c t io n ,  Lewis and B u tle r 
found th e  fo llo w in g  o rd e r  o f b e n zy lic  C-H BDE's fo r  s u b s t i tu te d  
to lu e n e s : m-N02 -  > H- > £-CH30 - .
Given th i s  o rd e r o f  BDE's i t  can be p re d ic te d  th a t  e le c t r o n -  
w ithdraw ing groups should  d ecrease  and e le c tro n -d o n a tin g  groups 
in c re a se  th e  r e a c t i v i t y  o f  the  b e n zy lic  hydrogens tow ard a l l  f re e  
r a d ic a l s .  N egative rho  v a lu es  fo r  eq I .h  a re  p re d ic te d  (and 
re q u ire d )  by c o n s id e rin g  o n ly  t h i s  o rd e r o f  BDE's. The m agnitude o f  
rh o , acco rd in g  to  Z a v i ts a s ,  o n ly  "m easures th e  s e n s i t i v i t y  o f  the  
r a t e  o f  hydrogen a b s t r a c t io n  to  BDE d if f e re n c e s  in  th e  s u b s t i tu te d  
to lu e n e s ." 303 Z a v its a s  a ls o  s t a t e s  t h a t  t h i s  s e n s i t i v i t y  (and , 
th e r e f o r e ,  th e  a b so lu te  v a lu e  o f rho ) d e c rea se s  w ith  in c re a s in g  
ex o th e rm ic ity  o f  th e  a b s t r a c t io n  r e a c t io n .
From t h i s  o rd e rin g  o f BDE's and th e  absence o f  s u b s t i tu e n t  
e f f e c t s  on th e  TS, Z a v itsa s  concludes t h a t  " p o s i t iv e  p v a lu es  would 
be im possib le  fo r  a b s t r a c t io n s  from to lu e n e s ." 30^ Since a l l  such 
rh o s  known a t  th e  tim e Z a v its a s  w rote h is  paper were n e g a tiv e , th e se  
v a lu e s  could  be ex p la in ed  by e i t h e r  Z a v i t s a s 's  BDE th e o ry  o r the  
t r a d i t i o n a l  p o la r  e f f e c t s  th e o ry . Z a v its a s  noted  t h a t  a Hamnett 
s tudy  o f a lk y l  r a d ic a l s  would p rov ide  th e  d a ta  to  d is t in g u is h  between 
th e se  p ro p o sa ls . A ccording to  th e  p o la r  e f f e c t s  argum ent, a rho 
o f  about zero  i s  p re d ic te d  fo r  hydrogen a b s t r a c t io n  from s u b s t i tu te d
to lu en es  by m ethyl r a d ic a l s ;  fo r  t e r t -b u ty l  r a d i c a l s ,  rho  should 
be p o s i t iv e .  T able 1 .1  l i s t s  rho  v a lu e s  expec ted  fo r  a lk y l  r a d ic a ls  
by th e se  opposing argum ents.
Table 1 .1 .  Rho v a lu es  fo r  hydrogen a b s t r a c t io n  from 
s u b s t i tu te d  to lu e n e s  by a lk y l  r a d ic a l s  p re d ic te d  by 
the  BDE and p o la r  e f f e c t s  th e o r ie s .
R ad ica l Z a v i ts a s '
Theory
BDE3 P o la r E f fe c ts
m ethyl -0 .6 ~0
prim ary  a lk y l -1 .0 sm all p o s i t iv e  v a lue
secondary  a lk y l -1 .2 la r g e r  p o s i t iv e  v a lu e
t e r t i a r y  a lk y l - l . k la rg e r  p o s i t iv e  value
(a ) A. A. Z a v its a s  and J .  A. P in to ,  J .  Amer. Chem. Soc. ,  9^,
7390 (1 9 7 2 ), e s p e c ia l ly  F ig u re  1.
O bviously , a t e r t i a r y  a lk y l  r a d i c a l  such as  t e r t -b u ty l  shou ld  
p rov ide  the  c l e a r e s t  t e s t  o f  th e  v a l i d i t y  o f  th e se  two p ro p o sa ls .
In  C hapter 1 o f t h i s  d i s s e r t a t i o n ,  we d is c u s s  our r e s u l t s  o f  
a Hammett s tudy  o f t h i s  a b s t r a c t io n  by th e  t e r t -b u ty l  r a d i c a l .  
C hapters 2 and 3 a re  concerned w ith  s im i la r  s tu d ie s  o f  th e  iso p ro p y l 
and undecyl r a d i c a l s .  The r e s u l t s  o f  th e se  in v e s t ig a t io n s ,  as w e ll 
as th o se  o b ta in ed  by P ryor and H enderson, a re  g iv en  in  T able 1 .2 .
Table 1 .2 .  Hairnett rho  v a lu es  fo r  hydrogen a b s t r a c t io n  
from s u b s t i tu te d  to lu e n e s  by a lk y l  r a d i c a l s .
E le c tro n
R ad ica l Rho Temp (°C) A f f in i ty  (eV)
m ethyl -0 .2  + 0 . 2b 100 1.13°
undecyl 0 .5 0  + 0 .08d 81 1 . 0c ,e
undecyl 0 .5  +  0 . 2 f 80
iso p ro p y l 0 .8  + 0 . 1S 30 < 0.3*+h
1 -e th y lp e n ty l 0 .7  ±  0 . 21 80
t e r t - b u t v l 1 .0  + 0 . 1j 30
(a ) Rho v a lu e s  a re  re p o r te d  acco rd in g  to  th e  form at suggested  
in  Appendix 1 as rho  + th e  u n c e r ta in ty  in  rho  a t  th e  951° c o n f i ­
dence l e v e l .
(b ) W. A. P ry o r, U. T o n e lla to , D. L. F u l l e r ,  and S. Ju m o n v ille ,
J .  0 r£ . Chem., 3jf, 2018 ( 1969) .
(c )  F . M. Page, "Free R ad ica ls  in  In o rg a n ic  C h em istry ,"
Advances in  C hem istry S e r ie s ,  No. 36 , American Chemical 
S o c ie ty , W ashington, D. C ., 1962, p 68 .
(d ) C hapter 3 ; W. A. P ryor and W. H. D av is, J r . ,  J .  Amer.
Chem. S o c ., 9 6 , T55T (197*0-
(e )  The v a lu e  g iven  i s  fo r  th e  e th y l  r a d i c a l .
( f )  R. W. Henderson and R. D. Ward, J r . ,  J .  Amer. Chem. Soc. . 
96 , 7556 (197*0.
( g) C hapter 2.
(h ) The v a lu e  g iven  i s  fo r  th e  cy c lo h ex y l r a d ic a l .
D. K. Bohme, E. L ee-R uff, and L. B. Young, J .  Arner. Chem.
S o c ., 9h ,  5153 ( 1972) .
( i )  R. W. H enderson, J .  Amer. Chem. Soc. , 97 , 213 (1975)*
( j )  C hapter 1; W. A. P ry o r, W. H. D av is, J r . ,  and J .  P.
S ta n le y , J .  Aroer. Chem. S o c ., 9 3 , ^75^ (1 973).
On th e  b a s is  o f th e se  p o s i t iv e  rho  v a lu e s  and th e  in c re a se  in  
rho  v a lu es  w ith  d ec rease  in  e le c t r o n  a f f i n i t y ,  we i n i t i a l l y  f e l t  
t h a t  we had proven th e  im portance o f  p o la r  e f f e c t s  in  the  t r a n s i t i o n  
s t a t e .  A lso we co n sid e red  Z a v i ts a s 1s BDE th e o ry  to  be so d is c r e d i te d  
t h a t  th e  s u b s t i tu e n t  e f f e c t s  on th e  ground s t a t e  which he proposed 
were e i t h e r  n o n -e x is te n t  o r in c o n se q u e n tia l in  hydrogen a b s t r a c t io n s  
from to lu e n e s  (eq 1 .4 ) .  T h is i s  th e  view  which i s  ex p ressed  in  
C hapter 1. However, we soon r e a l iz e d  th a t  th e  e x c lu s iv e n e ss  o f  the  
in te r a c t io n s  in h e re n t in  th e se  two th e o r ie s  i s  im probab le . I t  i s  no 
more l ik e ly  t h a t  s u b s t i tu e n ts  would e x e r t  t h e i r  in f lu e n c e  o n ly  on 
t r a n s i t i o n  s t a t e  ( th e  p o la r  e f f e c t s  argum ent) th a n  i t  i s  th a t  they  
would o n ly  a f f e c t  ground s t a t e s  ( Z a v i t s a s 's  BDE c o n c e p t) .
In  C hap ters 2 and 3 , 33 we su g g est th e  fo llo w in g  h y p o th e s is :  
Hamnett c o r r e la t io n s  o f  re a c t io n s  l ik e  eq 1 .4  a r i s e  from two so u rc e s . 
The f i r s t  i s  t h a t  p o la r  s u b s t i tu e n ts  a l t e r  th e  bond d is s o c ia t io n  
en ergy  o f  th e  b e n z y lic  C-H bond; s in c e  e le c tro n -d o n a tin g  s u b s t i tu e n ts  
weaken31 th e  b e n z y lic  bond, t h i s  c o n tr ib u t io n  a lone  can  on ly  r e s u l t  in  
n e g a tiv e  rho  v a lu e s  in  r e a c t io n s  l ik e  t h a t  o f  eq I . 4 . 308 For 
co n v en ien ce , we term  t h i s  e f f e c t  p o la r  e f f e c t s  on ground s t a t e s ,
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PEGS.34 P o la r  e f f e c t s  on t r a n s i t i o n  s t a t e s  (PETS), how ever, cause a 
p e r tu rb a t io n  o f  th e  rho  which would be p re d ic te d  from PEGS a lo n e ; 
t h i s  p e r tu rb a t io n  can r e s u l t  in  th e  observed  rho  b e ing  e i t h e r  more 
n eg a tiv e  o r p o s i t iv e  depending on th e  e l e c t r o p h i l i c i t y  o f  th e  
r a d ic a l .  (The u su a l r e p re s e n ta t io n  o f d ip o la r  s t r u c tu r e s  c o r r e c t ly
o o
p re d ic ts  the  d i r e c t io n  o f th e  p e r tu rb a t io n .  ) I t  was our demon­
s t r a t i o n  o f a p o s i t iv e  rho  v a lu e  fo r  th e  r e a c t io n  o f t e r t - b u t y l  
r a d ic a l s  w ith  to lu e n e s  th a t  e s ta b l is h e d  th e  r e a l i t y  o f  t h i s  p e r ­
tu r b a t io n .  In  t h i s  c a se , th e  n e g a tiv e  rho  v a lu e  fo r  eq 1 .4 ,  which 
would be in h e re n t from PEGS i s  co n v erted  to  a p o s i t iv e  v a lue  by 
PETS; no o th e r  e x p la n a tio n  appears l i k e l y . 33
There i s ,  o f  c o u rse , t h e o r e t i c a l  j u s t i f i c a t i o n  fo r  c o n s id e rin g  
b o th  PETS and PEGS in  a l l  r e a c t io n s  which a re  t r e a te d  by a l in e a r  
f r e e  energy  r e la t io n s h ip  such as th e  Hammett e q u a t io n .35 C onsider 
th e  r e a c t io n s  shown in  eqs 1 .5  a ,b .  The e f f e c t  o f  th e  s u b s t i tu e n t  x 
on th e  r a t e  o f  th e  r e a c t io n
k
A-H + Q* - £ —> A* + HQ ( I -5 a )
k.
x-A-H +  Q- —-----> x-A* + HQ ( l .5 b )
depends on th e  d if f e r e n c e  in  th e  f r e e  e n e rg ie s  o f  a c t i v a t io n  fo r
re a c t io n s  I . 5a and I . 5b.
j0n (R ate e f f e c t  o f  x) = (j£n k^ -  An kfl) = -  (1*6)
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T his d i f f e r e n c e ,  in  tu r n ,  o b v io u sly  depends on th e  d i f f e r e n c e s  in  
f r e e  energy  betw een th e  ground s t a t e  and t r a n s i t i o n  s t a t e  in  the  
two r e a c t io n s :
An (R ate e f f e c t  o f  x) = -[(G * - Gb ) - (G* - Gg) ] ( 1 .7 )
A lthough we o r ig i n a l ly  in te r p r e te d  our r e s u l t s  fo r  hydrogen 
a b s t r a c t io n  from to lu e n e s  by t e r t -b u ty l r a d ic a l s  (eq  I  A ) in  th e  same 
manner t h a t  o th e rs  have r a t io n a l iz e d  th e i r  r e s u l t s  o f  Hammett e q u a tio n  
s tu d ie s  o f  r a d ic a l  atom a b s t r a c t io n s ,  i . e . ,  on ly  in  term s o f  PETS, 
we now f e e l  th a t  th e se  r e s u l t s  a re  b e s t  ex p la in ed  by invok ing  bo th  
PETS and PEGS. The argument i s  as fo llo w s: e le c tro n -d o n a tin g
s u b s t i tu e n ts  weaken31 th e  b e n z y lic  bond in  to lu e n e s ;  th u s , PEGS 
lead  to  n e g a tiv e  rho  v a lu es  fo r  a l l  r a d i c a l s .  The p o s i t iv e  rho  v a lue  
observed  f o r  hydrogen a b s t r a c t io n  from to lu e n e s  by t e r t -b u ty l r a d ic a ls  
must a r i s e  from PETS c o n tr ib u tio n s  in  th e  expected  d i r e c t i o n .33
We a ls o  f e e l  th a t  o th e r  r a t io n a l i z a t i o n  o f  Hammett p lo ts  fo r  atom 
a b s t r a c t io n  re a c t io n s  by r a d ic a l s  in  th e  l i t e r a t u r e  o f te n  a re  c a r e le s s  
o r  w rong. The d i f f i c u l t y  ap p ears  to  a r i s e  because a u th o rs  r e g u la r ly  
use  a sho rth an d  n o ta t io n  in  which th e  p o la r  e f f e c t s  o f  a s u b s t i tu e n t  
a re  e x p l i c i t l y  shown o n ly  fo r  th e  t r a n s i t i o n  s t a t e . 9-15 S ince th e  
e f f e c t s  on ground s t a t e s  a re  v i r t u a l l y  never w r i t t e n ,  th ey  a re  ig n o red . 
We cannot f in d  any re c e n t  papers  o r  rev iew s in  t h i s  f i e l d  which e x p l i ­
c i t l y  d is c u s s  th e  d if f e r e n c e  in  th e  s t a b i l i z i n g  e f f e c t  o f  s u b s t i tu e n ts  
on ground and t r a n s i t i o n  s t a t e s .  As we have shown, th e  e f f e c t s  on
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ground s t a t e s  cannot be ig n o red . This c a re le s s n e s s  in  th e  a p p l ic a t io n  
o f  p o la r  s t r u c tu r e s  has la rg e ly  gone unno ticed  s in ce  s u b s t i tu e n ts  
g e n e ra l ly  a f f e c t  th e  s t a b i l i t y  o f  th e  more p o la r iz a b le  t r a n s i t i o n  s t a t e  
more th an  th ey  do the  ground s t a t e ,  and so i t  o f te n  i s  p o s s ib le  to  
ig n o re  th e  e f f e c t  o f  th e  s u b s t i tu e n t  on th e  ground s t a t e  and s t i l l  
r a t io n a l i z e  th e  r a t e  e f f e c t  in  th e  ex p e rim en ta lly  observed d i r e c t io n .  
Thus, one g e ts  th e  " r ig h t  answer" bu t fo r  th e  wrong re a so n . F u r th e r ­
m ore, i t  has become c le a r  to  us in  s tu d y in g  th e  l i t e r a t u r e  in  t h i s  
f i e l d  th a t  p o la r  e f f e c t s  on t r a n s i t i o n  s t a t e s  a re  used even when 
they  r e a l l y  do no t e x p la in  th e  d a ta —and when th e  e f f e c t s  observed  
a re  more o b v io u sly  due to  p o la r  e f f e c t s  on th e  ground s t a t e s .
In  C hapters and 5> we d is c u s s  r e a c t io n  system s whose r e s u l t s  
have been in c o r r e c t ly  in te r p r e te d  because only  PETS were c o n sid e re d .
We no t on ly  dem onstrate  th e  n e c e s s i ty  o f  c o n s id e rin g  b o th  PETS and 
PEGS in  o rd e r  to  r a t io n a l i z e  the  observed r a te  e f f e c t s  produced by 
s u b s t i tu e n ts  in  th e se  system s, b u t we a ls o  r e p o r t  th e  r e s u l t s  o f  our 
s tu d ie s  in  s im ila r  system s which f u r th e r  e s ta b l i s h  th e  r e a l i t y  o f  
th e se  two e f f e c t s .
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CHAPTER 1
POLAR EFFECTS IN RADICAL REACTIONS. A POSITIVE RHO FOR 
THE REACTION OF TERT-BUTYL RADICALS WITH SUBSTITUTED TOLUENES1
The r e a c t io n s  o f  f r e e  r a d ic a l s  o f te n  show s u b s t i tu e n t  e f f e c t s  
which resem ble th o se  o f  io n ic  r e a c t i o n s .2"6 For exam ple, a lth o u g h  i t  
was no t a n t ic ip a te d 7 "9 th a t  th e  Hammett e q u a tio n  would be u s e fu l  fo r  
r a d ic a l  r e a c t io n s ,  a c tu a l ly  a number o f  r a d ic a l  r e a c t io n s  a re  c o r r e ­
la te d  e x c e l le n t ly  by i t . 2 ,3 >6>1°  The u su a l e x p la n a tio n 2 ”6 o f  th e se  
c o r r e la t io n s  i s  th a t  th e  t r a n s i t i o n  s t a t e ?  o f  r a d ic a l  re a c t io n s  a re  
s ta b i l i z e d  by d ip o la r  resonance  s t r u c tu r e s .
The n o tio n  th a t  p o la r  resonance  s t r u c tu r e s  m ight s t a b i l i z e  th e  
t r a n s i t i o n  s t a t e s  o f  c e r t a in  r a d ic a l  r e a c t io n s  was suggested  
in  19^5-47 , 2 and i t  h as  s in c e  been  used in  a wide v a r i e ty  o f  
c o n te x ts .2 "6 >10"l2  The e f f e c t  can be d e p ic te d  as in  eq 1 .1 , where 
X* i s  th e  r a d ic a l  and QH i s  a g e n e ra liz e d  hydrogen donor o r i s  a 
s u b s t i tu te d  to lu e n e  i f  th e  Hammett e q u a tio n  i s  to  be a p p lie d . The 
use o f  io n ic  s t r u c tu r e s  f o r  th e  t r a n s i t i o n  s t a t e 13 o f a r a d ic a l
•> X: H +Q <------ > X+ H :Q]  >  XH + Q*
2 3 (1-1)
r e a c t io n  i s  analogous to  t h e i r  in c lu s io n  in  th e  va len ce  bond 
d e s c r ip t io n  o f n e u t r a l  m o le c u le s . P a u lin g , fo r  exam ple, has used 
such io n ic  s t r u c tu r e s  to  e x p la in  th e  enhanced bond s tre n g th  which 
r e s u l t s  in  X-Y when X and Y d i f f e r  in  e l e c t r o n e g a t iv i t y ,14 and Coulson
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k
x . + QH ■ 2 > [X- H -Q <-
1
has r a t io n a l iz e d  th e  concep t o f  p a r t i a l  io n ic  c h a r a c te r .15 In  view 
o f t h i s  p ragm atic  u t i l i t y  and s o l id  th e o r e t i c a l  fo u n d a tio n , i t  i s  
n o t s u r p r is in g  th a t  th e  use o f  d ip o la r  s t r u c tu r e s  in  r a t io n a l i z in g  
r a d ic a l  r e a c t io n s  has re c e iv e d  wide a c c e p ta n c e .2_6>16
One f e a tu re  o f  th e  Hammett tre a tm e n t o f  eq 1 h as  long  drawn 
n o t ic e :  a l l  o f  th e  p v a lu es  i n  th e  l i t e r a t u r e  fo r  hydrogen a b s t r a c ­
t io n  by f re e  r a d ic a l s  a re  n e g a tiv e . T h is r e s u l t  has been r a t io n a l iz e d 2 " 
by th e  o b se rv a tio n  t h a t  th e  X- r a d ic a l s  s tu d ie d  to  d a te  a re  e l e c t r o -  
p h i l i c ;  fo r  such c a s e s ,  s t r u c tu r e  2 i s  more im p o rtan t th an  3 , and 
n eg a tiv e  p ' s  r e s u l t .  We h e re  r e p o r t  the  f i r s t  p o s i t iv e  p v a lu e  fo r  
eq 1 .1 ; we have s tu d ie d  th e  case  where X = t e r t - b u t y l ,  and fo r  t h i s  
r a d ic a l  form 3 appears  to  be more im p o rtan t th an  2 .
R ec e n tly , Z a v its a s 17"19 has proposed th a t  th e  o rd e r o f  r e a c t i ­
v i t y  o f  to lu e n e s  sim ply p a r a l l e l s  t h e i r  b e n z y lic  C-H bond s tr e n g th s  
"w ith o u t p o s tu la t in g  charge  s e p a ra t io n  in  th e  t r a n s i t i o n  s t a t e . "  188 
A fundam ental f e a tu re  o f  h is  tre a tm e n t i s  th a t  a l l  r a d ic a ls  must 
y ie ld  n eg a tiv e  p v a lu e s . The t e r t -b u ty l  r a d ic a l  (tBu*) i s  acknow­
ledged to  be a key t e s t  o f  t h i s  new approach: Z a v its a s  p r e d ic ts 18** 
a p o f  -1 .4  fo r  t h i s  r a d ic a l  based on h is  bond d is s o c ia t io n  energy  
argum ent. The p o la r  e f f e c t s  concep t would p o s tu la te  th a t  form \  
i s  more im p o rtan t fo r  t e r t -b u ty l  th a n  f o r  m e th y l; th e  t e r t - b u t y l  
r a d ic a l ,  t h e r e f o r e ,  shou ld  have a more p o s i t iv e  p th an  m e th y l, a 
r a d ic a l  fo r  which we have re p o r te d  a p o f  about zero  a t  1 0 0 ° .20 *21 
F ig u re  1 .1  shows a p lo t  o f  r e l a t i v e  v a lu e s  o f  kg (eq  1 .1 ) fo r  
a b s t r a c t io n  o f  hydrogen by tBu* from to lu e n e s . T his r a d ic a l  was
19
g e n e ra te d  by p h o to ly s is  (R ayonet r e a c to r ,  BL l ig h t s )  o f  2 ,2 -a z o is o -
bu tane  (AIB) o r t e r t -b u ty l  p e ro x y p iv a la te  (BPP) in  a m ix tu re  o f  to lu e n e
(QH) and d e u te ra te d  t h i o l  (RSD). V alues o f  k r e l a t i v e  to  kon fo r3 bD
d eu terium  a b s t r a c t io n  from th e  t h i o l  were determ ined  from th e  r a t i o  
o f  m ass/charge  (m /e) b j  (from  is o b u ta n e , tBuH) to  m /e (from  
iso b u ta n e -d , tBuD ). Two th i o l s  o f  d i f f e r in g  bond s t r e n g th s  g ive 
s im i la r  r e s u l t s  (system s I  and I I I ,  F ig  l . l ) .
A p lo t  o f  th e  r a t i o  o f  m /e b3  to  bb  vs_. [QH]/[RSD] should  g ive  
a s t r a i g h t  l in e  w ith  s lo p e  e q u a l to  p ro v id in g  th a t  th e  u su a l
s te a d y  s t a t e  assum ptions a re  met and th a t  hydrogen a b s t r a c t io n  from 
th e  to lu e n e  i s  th e  o n ly  im p o rtan t sou rce  o f  tBuH. O ther p o ss ib le  
so u rces  a r e :  ( l )  H -a b s t ra c t io n  from th e  R p o r t io n  o f  RSD (o r  from 
im p u rity  RSH); ( 2 ) induced  decom position  caused by tBu*; and ( 3 ) cage 
o r (4 ) f r e e  s o lu t io n  d is p ro p o r t io n a t io n  o f  tBu* r a d i c a l s .  The f o l ­
low ing c o n s id e ra t io n s  show th a t  a l l  th e se  so u rces  can be n e g le c te d .
( l )  A b s tra c tio n  o f H from th e  R p o r t io n  o f  RSD o r from th e  RSH 
im p u rity  in  RSD a f f e c t s  th e  in te r c e p t  o f  th e  p lo t  b u t n o t the  s lo p e .
( 2 ) Induced decom position  does no t occur s in c e  th e rm o ly s is  o f  BPP 
o r  2 , 2 - a z o is o b u ty r o n i t r i le  in; a  s o lu t io n - o f  AIB in  to lu e n e  does n o t 
produce any change in  th e  c o n c e n tra tio n  o f  AIB. ( 3 ) D isp ro p o r tio n ­
a t io n  o f  tBu* i n  th e  cage produces n e g l ig ib le 253 tBuH s in c e  b o th  
BPP and AIB g iv e  s im ila r  r e s u l t s  (F ig  l . l ) ,  b u t BPP does no t g ive 
a cage y ie ld  o f  tBuH. 250 (b )  The d is p ro p o r t io n a t io n  o f f r e e  tBu* 
r a d ic a l s  in  s o lu t io n s  c o n ta in in g  t h i o l  would n o t26 be ex p ec ted . 
D isp ro p o r tio n a tio n  can  be proved to  be n e g l ig ib le  by m o n ito rin g
d im er; dim er y ie ld s  rem ain  sm all and c o n s ta n t as th e  t h i o l  concen­
t r a t i o n  i s  d ecreased  3 0 - f o ld . 27 Iso b u tan e  a ls o  m ight be produced by 
a d d i t io n  o f  a r a d ic a l  to  an arom atic  compound to  g iv e  a cy c lo h ex a- 
d ie n y l r a d ic a l  fo llow ed  by hydrogen a b s t r a c t io n  by tBu*. T h is  p o s s i ­
b i l i t y  can be e lim in a te d  s in c e  s u b s t i tu te d  to lu e n e s  a re  n o t d e te c te d  
in  th e  p ro d u c t s o lu t io n s  by vapor phase chrom atography (v p c ) .
A Hamnett crp c o r r e la t io n  (se e  Table 1 .1  and F ig  l . l )  o f  th e  
d a ta  a t  30° g iv e s  p = 1 .0  + 0 .1 ;  s = 0 .0 4 ; 23 p o in t s . 28 T h is  i s
“  y
th e  f i r s t  re p o r te d  p o s i t iv e  p v a lu e  fo r  r a d ic a l  a b s t r a c t io n  from 
to lu e n e s .
i F in a l ly ,  we must comment on w hether th e  s ig n  o f  p has any 
m e c h a n is tic  s ig n i f ic a n c e .  A s e t  o f  s im i la r  r e a c t io n s  can  be 
r e l a t e d  in  one o f th r e e  ways: th ey  can be i s o e n t r o p ic ,  i s o k in e t i c ,
o r n e i t h e r . 6 *8 »9 I f  th e y  a re  i s o e n t r o p ic ,  p would alw ays have th e  
same s ig n  and i t s  s ig n  could  have m e ch a n is tic  s ig n i f ic a n c e ;  i f  
i s o k in e t i c ,  p changes s ig n  as  tem p e ra tu re  i s  r a is e d  and i t s  s ig n  has 
no s ig n i f ic a n c e .  The d a ta  on m ethy l r a d i c a l s 20*23 seem to  in d ic a te  
th a t  t h i s  r a d ic a l  r e a c t s  w ith  to lu e n e s  i s o e n t r o p ic a l ly ,  and a rev iew  
o f th e  d a ta  su g g es ts  th a t  a l l  atom t r a n s f e r  p ro c e sse s  a re  a p p ro x i­
m ate ly  i s o e n t r o p ic . 29 I f  t h i s  i s  t r u e ,  th e n  th e  p v a lu e  fo r  any g iv en  
r a d ic a l  r e a c t io n  always has th e  same s ig n  b u t d e c rea se s  in  a b so lu te  
v a lu e  as  th e  tem p era tu re  i s  r a i s e d . 30 T hus, th e  p o s i t iv e  p re p o r te d  
h e re  has s ig n i f ic a n c e .
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T able  1 .1 . R e la t iv e  r a t e  c o n s ta n ts  (kX/k ° )  fo r  hydrogen a b s t r a c t io n3 3
from s u b s t i tu te d  to lu e n e s  (xQH) by th e  t e r t -b u ty l  r a d ic a l  a t  30° . 3 
x System** lo g (k X/k ° ) C3 3
I -0 .1 7
£-Me I I -0 .1 6
I I I -0 .1 6
3,5-M e2 I I I -0 .2 0
m-Me I I I - 0 .0 9
I -0 .1 3
H I I I 0 .0 1
I I I 0 .0 8
£-F I 0 .05
I I I 0.01)-
I 0 .3 1
£ -C l I I 0 .17
I I I 0 .1 8
I I I 0.17
I O.38
£-B r I I 0 .2 1
I I I 0 .17
m-Cl I I O.bQ
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x System'5 lo g (k X /k ° ) °a a
m-Br I I I 0 .5 9
I I I 0 .5 9
E-CN I 0 .7 1
m-N02 I 0 .6 5
I I I 0 .61
From th e se  d a ta ,  p = 1 .0  + 0 .1 ,  s^  = O.Oll-; 25 points.** (The 
l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  g iv e s : 
th e  l e a s t  sq u ares  l in e  i s  lo g (k X/k ° )  = 1 .0 a  - 0 .005 ;3 3
th e  s ta n d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 5 ; 
th e  s ta n d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 7 ; 
th e  c o r r e la t io n  c o e f f i c i e n t  = 0 .9 7 * )
(a )  R ate c o n s ta n ts  (kX) were m easured r e l a t i v e  to  th e  r a t e  c o n s ta n t 
fo r  a b s t r a c t io n  o f  d eu teriu m  from a d e u te ra te d  t h i o l  (k g p ) , 
b e n z e n e th io l-d , PhSD, (System s I  and I I '3) o r 2 -m ethy1 -2 -propane- 
t h i o l - d ,  t_-BuSD (System  i n ' 3) .
(b )  System I  i s  2 ,2 ’ -a z o iso b u ta n e  (AIB) and PhSD; system  I I  i s  t e r t -  
b u ty l  p e ro x y p iv a la te  (BPP)and PhSD; and system  I I I  i s  AIB and 
t_-BuSD.
(c )  For each  system , th e  in te r c e p t  o f th e  l e a s t  sq u ares  l in e  o f  th e  
Hamnett e q u a tio n  fo r  t h a t  system , log  k ° ,  was s u b tra c te d  from th e
3
X Olo g a rith m  o f  th e  r e l a t i v e  r a t e  c o n s ta n ts  to  g iv e  lo g (k  /k  ) .3 3
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EXPERIMENTAL SECTION
PURIFICATIONS AND SYNTHESES.
T o lu en es . The s u b s t i tu te d  to lu e n e s  w ere washed s e v e ra l  tim es 
w ith  c o n ce n tra te d  s u l f u r i c  a c id  fo llow ed by w ashings w ith  10$ sodium 
b ic a rb o n a te  and d i s t i l l e d  w a te r . They were d r ie d  over anhydrous 
magnesium s u l f a te  and vacuum d i s t i l l e d .
2 -M e th y l-2 -p ro p an e th io l-di (t,-BuSD) and b en zen e th io l-d j. (PhSD). 
These d e u te ra te d  th io l s  were p repared  by re p e a te d ly  adding 99*8$ 
to  each t h i o l ,  s t i r r i n g  th e  m ix tu re , and s e p a ra t in g  th e  im m iscib le 
l iq u id s  u n t i l  th e  deu terium  c o n ten t a t  th e  exchangeable  hydrogen 
p o s i t io n  was shown by nmr to  be ap p ro x im ate ly  98$ The th io l s  
were th en  d r ie d  over th e  minimum amount o f  anhydrous magnesium 
s u l f a t e ,  d ecan ted , and d i s t i l l e d .  2 -M e th y l-2 -p ro p an e th io l-d  was 
d i s t i l l e d  a t  6k°  under one atm osphere o f  n itro g e n ;  b e n z e n e th io l-d  
was d i s t i l l e d  a t  850 (50 nm). The nmr s p e c tra  o f  th e  p u r i f ie d  t h io l s  
showed them to  be more th an  95$ d e u te ra te d .  A pproxim ately 1 ml o f 
99-8$  DgO per 100 ml t h i o l  was added to  th e  t h i o l s  so  th a t  th ey  were 
s a tu r a te d  w ith  D ^ .  T h e re fo re , the  r e a c t io n  s o lu t io n s ,  p rep ared  by 
m ix ing  a to lu e n e  and a t h i o l ,  were s l i g h t l y  wet w ith  D^>. During 
the  course  o f  th e  r e a c t io n ,  i t  i s  p o s s ib le  t h a t  th e  d eu terium  c o n ten t 
o f th e  t h i o l s  could  d ec rea se  because o f  hydrogen a b s t r a c t io n  by t h i y l  
r a d i c a l s .  However, t h i s  D^O in s u re s  th a t  th e  exchangeable  s u lfh y d ry l 
hydrogen p o s i t io n s  rem ained d e u te ra te d .
t e r t -B u ty l p e ro x y p iv a la te  (BPP). Purchased  from L ucido l as a 
75$ s o lu t io n  in  "m in e ra l s p i r i t s , "  t h i s  peroxy e s t e r  was p u r i f ie d  by
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th re e  passes  down a Woelm n e u tra l  alum ina column w ith  hexane as the  
e le u n t .  The "m in e ra l s p i r i t s "  e lu te d  from the  column very  s h o r t ly  
b e fo re  th e  BPP. The chrom atographed BPP was shown to  be 95$ pure 
by io d o m etric  t i t r a t i o n . 31
2 , 2 ’ -A zoisobutane (A IB ). T h is azo compound was p repared  v ia  
th e  method o f Ohme and Schmitz from th e  co rresp o n d in g  N ,N '-d ia lk y l-  
su lfa m id e . 32>33 N,Nf -D i- t e r t -b u ty lsu lfam id e  was p repared  by adding 
kO ml (0 .5  m ole) o f  s u l f u r y l  c h lo r id e  in  75 ml pentane dropw ise and 
w ith  s t i r r i n g  to  210 ml ( 2 .0  m oles) o f t e r t -bu ty lam ine  in  250 ml o f 
p en tan e . A lthough the  r e a c t io n  was ex o th erm ic , th e  tem pera tu re  o f 
th e  r e a c t io n  m ix tu re  was k ep t below 0°C by a Dry Ice-C C l4 b a th . A fte r 
th e  a d d it io n  o f s u l f u r y l  c h lo r id e  was com pleted (app ro x im ate ly  2 h r ) ,  
th e  f lo c c u le n t  w hite  p r e c ip i ta te  was washed s e v e ra l  tim es w ith  w ater 
and r e c r y s t a l l i z e d  from benzene to  y ie ld  65 g (0 .3  m ole, 60$) o f 
su lfam id e , mp 138-1^0°. The azo compound was p repared  by d is s o lv in g  
5g o f sodium hydroxide in  250 ml o f  Chlorox (a  5*75$ s o lu t io n  o f sodium 
h y p o c h lo r ite )  and adding 100 ml o f  pentane and 12.5  g (0 .0 6  mole) o f 
th e  su lfam id e . A fte r  th e  su lfam ide  d is so lv e d  (ab o u t 12 h r ) ,  the  
aqueous and o rg an ic  la y e rs  were s e p a ra te d , th e  o rg an ic  la y e r  was 
d r ie d  over anhydrous magnesium s u l f a t e ,  and th e  pentane was d i s t i l l e d  
o f f  a t  a tm ospheric  p re s su re . Vacuum d i s t i l l a t i o n  o f  th e  rem aining 
o rg a n ic  la y e r  gave 3-7 g (0*03 m ole, 50$) ° f  AIB, bp 52-55° (9& mm); 
n22^ I . 395I ;  nmr (CC14 ) 6 1 .18 ( s ,  - 0 (0113) 3 ) ;  uv (cyclohexane)
\ aax 367 nm ( e 15) ( l i t .  bp 98 -IO903 3 , 109- 110034. l ^ k o 33) .
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PROCEDURES FOR KINETIC RUNS.
For a s in g le  k in e t ic  run  fo r  one s u b s t i tu te d  to lu e n e , r e a c t io n  
s o lu t io n s  o f f iv e  to  seven d i f f e r e n t  to lu en e  (QH) to  t h i o l  (RSD) 
r a t i o s  were p repared  by m ixing to lu e n e  and th i o l  s o lu t io n s  o f  the  
same i n i t i a t o r  (AIB o r BPP) c o n c e n tra t io n .  (The [QH]/[RSH] r a t i o  
v a rie d  from 0 .8  to  30» th e  c o n c e n tra tio n  o f AIB in  v a r io u s  runs was 
0 .0 5 , 0 .1 ,  o r 0 .3  M, and th e  c o n c e n tra tio n  o f  BPP in  d i f f e r e n t  runs 
was 0 .1  o r 0 .2  M.) A fte r  p la c in g  th e  r e a c t io n  m ix tu res  in  Pyrex 
sample tubes and d eg assin g  by fo u r freeze-pum p-thaw  c y c le s ,  th e  s o lu ­
t io n s  were pho to lyzed  in  a Rayonet photochem ical r e a c to r  equipped 
w ith  a "m erry-go-round" to  in su re  th a t  a l l  tu b es  re c e iv e d  equal 
i r r a d i a t i o n .  The Rayonet RPR 3500 o r G eneral E le c t r i c  8T5/BL lamps 
used were found to  have an em issio n  curve c o n s is t in g  o f sh arp  m ercury 
em issio n  l in e  sp ik es  superim posed on a broad f lu o re sc e n c e  em ission  
from 300 to  M)-0 nm. S ince th e se  lamps have v e ry  l i t t l e  o u tp u t below 
300 nm, the  r e a c t io n  tu bes a re  Pyrex , and th e  th io l s  and most o f  th e  
to lu e n e s  s tu d ie d  have sm all e x t in c t io n  c o e f f ic ie n t s  a t  w avelengths 
g r e a te r  than  300 nm, e x c i t a t io n  o f th e  azo compound i s  th e  dominant 
p h o to ly tic  p ro c e ss . Some e x c i t a t io n  o f b e n z e n e th io l (PhSD) and 
some to lu e n e s  may o ccu r , but th e se  p ro cesses  a re  not im p o rta n t; even 
m -n i tro to lu e n e , which i s  y e llo w , g iv e s  a r e l a t i v e  r e a c t i v i t y  which i s  
near th e  l e a s t  sq u ares  l in e  fo r  th e  Hammett p lo t  o f  th e  d a ta .  S ince 
2 -m e th y l-2 -p ro p an e th io l-d j. (t,-BuSD) does no t absorb  l i g h t  o f  th e se  
w av elen g th s , th e  in s ig n if ic a n c e  o f  th e se  e x c i t a t io n s  i s  f u r th e r  proved 
by th e  s im i la r i ty  o f  rho v a lu es  fo r  th e  AIB/PhSD and AIB/t,-BuSD system s.
A fte r p h o to ly s is  (3 h r  fo r  AIB s o lu t io n s  and 8 h r  fo r  BPP 
s o lu t io n s ) ,  th e  sample tu bes were fro ze n  in  a CCl4 - ( o r  a c e to n e -)
Dry Ic e  o r E tO H -liqu id  N2 s lu s h  b a th . The gas over th e  s o lu t io n  
was th en  t r a n s f e r r e d  d i r e c t l y  in to  a  C o n so lid a ted  E n g in eerin g  
C o rp o ra tio n  Model 21-620 mass sp e c tro m e te r . The r a t i o  o f  m ass/charge  
(m /e) peaks 4 3 to  Ij-h was m easured and co n v erted  to  an iso b u tan e  
(tBuH) to  iso b u ta n e -d  (tBuD) r a t i o .  S ince th e  c ra ck in g  p a t te r n  fo r  
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in  which i s  th e  h e ig h t o f  th e  m/e k-3 peak and i s  th e  h e ig h t 
o f  th e  m/e U4 p e ak .36 The m/e k3  and M<- (M -  15) peaks were chosen 
f o r  t h i s  a n a ly s is  because th ey  n o t on ly  in d ic a te  th e  e x te n t  o f 
i s o to p ic  s u b s t i t u t io n  b u t a lso  a re  th e  la r g e s t  peaks in  th e  iso b u tan e  
and iso b u ta n e -d  s p e c t r a .
In  o rd e r  to  t e s t  th e  mass sp ec tro m e try  a n a ly s is ,  s o lu t io n s  o f 
AIB in  £-chlorotoluene/t_-B uSD  and js-xylene/jt-BuSD were photo lyzed  
and th en  analyzed  on a Dupont R esid u a l Gas A nalyzer. The H)|^ /l^ |)|
v a lu es  m easured w ith  t h i s  in s tru m en t compare fa v o ra b ly  w ith  th e
v a lu es  o b ta in ed  from th e  CEC in s tru m e n t.37
I t  i s  im p o rtan t in  our method o f  a n a ly s is  th a t  th e  m/e 43 and
44 peaks r e s u l t  from iso b u tan e  and iso b u ta n e -d  o n ly  and no t from 
any o th e r  compounds. The c ra ck in g  p a t te r n s  o f  th e  to lu e n e s  and 
t h i o l s  determ ined  under a n a ly s is  c o n d itio n s  show n e g l ig ib le  c o n t r i ­
b u tio n s  to  th e se  peak s . S ince th e  r e a c t io n  m ix tu res  were fro zen  
in  s lu s h  b a th s  o f tem p era tu res  as low as -117° (E tO H -liq  N2 ) ,  on ly  
v e ry  low b o i l in g  gases could  be t r a n s f e r r e d  in to  the  mass s p e c tro ­
m e te r . In  a d d i t io n ,  vpc showed th e  m ain p ro d u c ts  to  be iso b u ta n e , 
is o b u ty le n e , 2 ,2 ,3 ,3 - te tr a m e th y lb u ta n e , and d i s u l f i d e ,  (Phs)-2 or 
(t-BuS)-2 . Because is o b u ty le n e , th e  o n ly  low b o i l in g  component o f  th e  
system  o th e r  th an  iso b u ta n e , does n o t g iv e  a m/e 43 o r  44 peak , we 
a re  c o n fid e n t th a t  peaks o f  th e se  m /e 's  a re  o n ly  due to  iso b u tan e  
and isobutane-d^.
KINETIC ANALYSIS.
te r t - B u ty l  r a d ic a l s  (tBu*) were g en e ra ted  by th e  p h o to ly s is  o f 
2 , 2 ' -a zo iso b u tan e  (AtB) in  a  s o lu t io n  o f  a s u b s t i tu te d  to lu e n e  and a 
d e u te ra te d  t h i o l .
tBu-N=N-tBu — ■■•> 2 tBu* +  N2 (1 .3 )
(AIB)
A fte r  e scap in g  from th e  cag e , th e  tBu* e i t h e r  may a b s t r a c t  a h y d ro ­
gen atom from th e  to lu e n e , QH (eq 1 .4 ) ,  o r  from RSH p re s e n t  a s  an 
im p u rity  in  th e  d e u te ra te d  t h i o l  to  produce iso b u ta n e  (tBuH)
(eq  1 .5)>  o r a b s t r a c t  a deu teriu m  atom from th e  d e u te ra te d  t h i o l ,
RSD, to give isobutane-d^ (tBuD) (eq 1.6).
k
tBu- + QH — - — > tBuH + Q- (1.*)
k,SHtBu- + RSH -> tBuH + RS- (1 .5 )
k SDtBu- + RSD ■> tBuD + RS- ( 1. 6)
Iso b u tan e  may a ls o  be produced by d is p ro p o r t io n a t io n  o f  tB u• 
b o th  in  th e  cage (eq  l . j )  and in  f r e e  s o lu t io n  ( eq 1 .8 ) .
Although induced decom position  o f AIB by tBu- i s ,  in  th e o ry , an o th e r 
p o s s ib le  sou rce  o f iso b u tan e  (eq 1 .9 )>
th i s  p rocess does no t occur under our c o n d itio n s  s in c e  t e r t -b u ty l 
r a d ic a l s  produced by th e rm o ly s is  o f BPP a t  80° in  a s o lu t io n  o f AIB 
in  to lu e n e  do not cause th e  c o n c e n tra tio n  o f  AIB to  d e c re a se . Addi­
t io n  o f a r a d ic a l  to  an arom atic  r in g  to  g ive  a cy c lo h ex ad ien y l 
r a d ic a l  fo llow ed by hydrogen a b s t r a c t io n  by a tBu- would a ls o  g ive  
iso b u tan e  (eq 1 . 10) .
AIB  > [2tB u«]  > tBuH + (CH3 ) 2C-CH2 ( 1 .7 )
St k '
2tBu • --------> tBuH + (CH3 ) 2C«CH2 (1 .8 )
tBu- + AIB -------- > tBuH + (CH3 )gC-CH2 + N2 + tBu- ( 1 . 9 )
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H R
R- + CsH^XMe -------- > k J j  -— •■ ■ ■> tBuH + RC6H3XMe (1 .1 0 )
X Me
However, s in c e  no d i s u b s t i tu te d  to lu e n e s  (RC6HqXMb) cou ld  be d e te c te d  
by vpc and s in c e  benzene as a QH g iv e s  ka /kgp ** 0 .0 0 , t h i s  mechanism 
can  be n e g le c te d . The r a t i o s  o f  r a t e s  o f  fo rm atio n  o f  iso b u tan e  and 
iso b u ta n e -d  a re  g iv en  in  eq 1 .1 1 , where f £ i s  th e  f r a c t io n  o f th e  
r a d ic a l s  t h a t  r e a c t  in  th e  cag e . S ince RSH i s
d[tBuH ] _ kdf c [M B] + k a [tB u.][Q H ] + kgH[tB u • ][RSH] + k j  [ tB u -]2
d [tBuD] k [tBu-][RSD]
SD (1.11)
kSH[RSH]
a f ix e d  im p u rity  in  RSD, r -------------  i s  independen t o f  th e  QH/RSD r a t i o .
SD [RSD]
T h e re fo re , th e  r e l a t i v e  y ie ld s  o f iso b u tan e  and iso b u ta n e -d  a re  g iven  
by th e  fo llo w in g  e q u a tio n :
[tBuH] . V c ^  . kd
r tw a r j  "  kgD[RSD] + kSD[RSD] + kgD[tBu-JLRSDJ + kgD[RSD J
( 1-12)
A p lo t  o f  [tB uH ]/[tB uD ] v e rsu s  [QH]/[RSD] w i l l  be a s t r a i g h t  l in e  
w ith  a s lo p e  o f  ka /k gD and in te r c e p t  (kgH/k gD)(RSH/RSD) i f  th e  l a s t  
two term s in  eq 1 .12  a re  i n s ig n i f i c a n t  r e l a t i v e  to  th e  f i r s t  two term s.
The amount o f  iso b u ta n e  formed by d is p ro p o r t io n a t io n  (eq s  1.7 
and 1 .8 )  may be m onitored  by o b serv in g  th e  y ie ld  o f  2 ,2 ,3 > 3 “t e t r a -  
m ethy lbu tane  produced by th e  com bination r e a c t io n s  (eqs 1.13  and 1 .1k) 
because (kc + k ,̂ ) / ( k j  + k^ ) i s  a c o n s ta n t .  For exam ple, w ith  bo th  
1 :1  and 30 :1  m olar r a t i o s  o f  £ - f lu o ro to lu e n e  to  PhSD, and 0 .1  M AIB,
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th e  same y ie ld  o f  2 ,2 ,3 » 3 “te tra m e th y lb u ta n e , 1 .2  x 10~^ M, was 
o b ta in e d . Thus, even a f t e r  c o r re c t io n  fo r  th e  f iv e fo ld  r a t i o  o f  
d is p ro p o r t io n a t io n  to  com bination  by t e r t - b u t y l  r a d i c a l s ,25** cage 
tBuH i s  n e g l ig ib le  w ith  r e s p e c t  to  th e  t o t a l  tBuH form ed. S ince th e  
amount o f th i s  com bination  p roduct rem ained sm all and c o n s ta n t
k
[2 t Bu- ]  — > CH3C(CH3 ) 2C(CH3 ) 2CK3 (1 .1 3 )
V k
2 tBu- — £— > CH3C(CH3 ) 2C(CH3 ) 2CH3 (1 .1 4 )
as th e  c o n c e n tra tio n  o f r a d ic a l  scavengers (RSD and QH) was v a r i e d ,27 
n e i th e r  com bination  nor d is p ro p o r t io n a tio n  o f t - b u t y l  r a d ic a l s  occu rs  
in  f r e e  s o lu t io n .  T h is co n c lu s io n  i s  no t unexpected ; o b serv in g  th a t
f
th e  dim er y ie ld  from th e rm o ly s is  o f 2 ,2 - a z o is o b u ty r o n i t r i le  was c o n s ta n t
fo r  a  s im ila r  range o f  t h i o l  c o n c e n tra t io n s , Hamnond e t  aJL. concluded
th a t  on ly  cage com bination was o c c u r r in g .26 T h e re fo re , th e  f r e e - s o lu -
t io n  d is p ro p o r t io n a t io n  term  o f eq 1 .12 i s  n e g l ig ib le .
I f  cage d is p ro p o r t io n a tio n  (eq  1 .7 ) i s  im p o rtan t, th e  r a t i o  o f
th e  y ie ld s  o f  iso b u tan e  to  isobutane-d^ should in c re a se  w ith  in c re a s in g
AIB c o n c e n tra tio n  (se e  eq 1 .1 2 ) . However, t h i s  r a t i o  i s  th e  same
w ith in  ex p e rim en ta l e r r o r  fo r  AIB c o n c e n tra tio n s  ran g in g  from 0 .3  to
0 .05  M in  to lu e n e /b e n z e n e th io l (T ab les  1 .2 -1  A ) .  T h ere fo re  th e
kdf c [AIB]
cage d is p ro p o r t io n a t io n  term  in  eq 1 .1 2 , :---- ri>VnT" » ®ust no t be
kSDLRSDJ
s i g n i f i c a n t .
In  an e f f o r t  to  p rov ide  an e n t i r e l y  independent system  fo r  
g e n e ra tin g  and s tu d y in g  the  t e r t -b u ty l  r a d ic a l ,  bo th  th e  p h o to ly s is
and th e rm o ly s is  o f  t e r t - b u t y l  p e ro x y p iv a la te  (BPP) were examined. 
P h o to ly s is  o f  t h i s  i n i t i a t o r  proved to  be a c le a n e r  source  o f tB u ' 
th a n  th e rm o ly s is .
0
it h
tBu-CO-OtBu — —> tBu- + C02 + tBuO* (1 -14)
S ince  n e i th e r  a b s t r a c t io n  o f c h lo r in e  from  CC14 nor o f  deu terium  
from to lu en e -d g  were u s e fu l  s tan d a rd  r e a c t io n s ,  th e  sem i-independen t 
system  o f peroxy e s t e r  p h o to ly s is  in  to lu en e /th io p h e tio l-d , was used to
o b ta in  r e l a t i v e  r e a c t i v i t i e s ,  h a /k SD (eqs 1 .4  and 1 .6 ) .  Only th e
re a c t io n s  in d ic a te d  by eqs 1 .4 -1 .6  a re  l ik e ly  in  t h i s  system  because 
BPP does n o t g iv e  a cage y ie ld  o f  is o b u ta n e ,25c and as in  th e  AIB/ 
t h i o l  system , th e  c o n c e n tra tio n s  o f  r a d ic a l  scav en g ers , QH and RSH, 
a re  s u f f i c i e n t l y  h ig h  to  p rev en t any f r e e  s o lu t io n  d is p ro p o r t io n a t io n  
o f tBu- .
T h e re fo re , th e  e q u a tio n  r e l a t i n g  th e  y ie ld s  o f  iso b u tan e  and 
iso b u ta n e -d  to  [QH]/[RSD] i s  th e  same fo r  b o th  th e  AIB and BPP 
sy stem s:
C « u H ]  .  k a [Q H ] k SH[R S H ]
[tBuD ] ks])[RSD] kSD[RSD] U
S ince  th e  l a s t  term  in  t h i s  e q u a tio n  i s  a c o n s ta n t ,  k  /k  fo r  each3 oD
QH i s  th e  s lo p e  o f a p lo t  o f [tBuH ]/[tBuD ] v e rsu s  [QH]/[RSD].
DATA TREATMENT.
The r a t i o  o f  r a t e  c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  from a QH 
and d eu terium  a b s t r a c t io n  from a RSD (k  /k OTJ  was o b ta in ed  from th e  
s lo p e  o f  th e  l e a s t  sq u ares  l in e  o f [tBuH ]/[tBuD] v e rsu s  [QH]/[RSD]. 
The v a lu e s  o f  ka /k gD fo r  th e  QH's s tu d ie d  in  each  system  o f  i n i t i a t o r  
and RSD a re  g iv en  in  T ables 1 .2  (AIB and PhSD), 1 .3  (BPP and PhSD), 
and 1 .4 (AIB and t_-BuSD). Because th e  d a ta  in  T able 1 .4  were c o l l e c ­
te d  b e fo re  and a f t e r  b reakage o f  th e  mass sp ec tro m e te r’ s f ila m e n t and 
a f t e r  subsequen t ad ju stm en t o f  the  f ila m e n t c u r r e n t ,  th e re  a re  th re e
l e a s t  sq u ares  l in e s  o f  k /k   v e rsu s  sigma (F ig . 1 .4 ) .a bD ~
These k fl’ s can n o t be d i r e c t l y  combined to  produce a s in g le  
Hammett e q u a tio n  fo r  a l l  th re e  system s because th ey  were measured 
r e l a t i v e  to  RgD's  fo r  d i f f e r e n t  t h i o l s .  A Hammett e q u a tio n  was c a lc u ­
la te d  by th e  method o f  l e a s t  sq u ares  from lo g (k  /k QTJ  and sigma8 dD
s u b s t i tu e n t  c o n s ta n ts  fo r  each  system  ( th e  l e a s t  sq u ares  a n a ly s is  o f
each  system  i s  g iv en  in  th e  a p p ro p r ia te  t a b le ,  T ab les 1 .2 - 1 .4 ) .  By
fo rc in g  th e  l e a s t  sq u ares  l in e  fo r  each system  to  go th rough th e
o r ig in ,  a s in g le  l in e  d e s c r ib in g  th e  " o v e ra l l"  Hamnett e q u a tio n  can
be c o n s tru c te d . T h is  was done by s u b tra c t in g  from th e  lo g (k  /k__)a bi/
v a lu es  fo r  each  system  th e  in te r c e p t  ( lo g  k °) o f  i t s  l e a s t  squaresa
l i n e . 38 This p rocedure  g iv e s  "new" p o in ts  (c7, lo g (k  /k  ) -  lo g (k ° ) )a oU a
(se e  F ig  1 .1  and Table l . l ) ,  and th e  e q u a tio n  o b ta in ed  by th e  l e a s t  
sq u ares  tre a tm e n t o f  th e se  p o in ts  i s  th e  d e s ire d  Hamnett e q u a tio n  
( th e  l e a s t  sq u ares  a n a ly s is  o f  t h i s  l in e  i s  g iv en  in  T able l . l ) .
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P ro je c t  1+1+, S e r ia l  Nos. 5 and 1+31.
3 6 . The f a c to r  o f  -0 .3  in  eq 1 .2  can be n e g lec te d  because i t  appears 
in  ev ery  measurement o f  and a f f e c t s  on ly  th e  in te r c e p t
38
bu t no t th e  s lo p e  o f  th e  p lo t  o f  [tBuH ]/[tBuD ] (o r  H)|^/H||) |) 
v e rsu s  [QH]/[RSD].
37 . With th e  Dupont in s tru m e n t, H ^ /H ^  fo r  th e  £ -c h lo ro to lu e n e  
s o lu t io n  was 1 .1+0 and H ^ /H ^  f o r  th e  £ -x y len e  s o lu t io n  was 
1 .5 7 . W ith the  CEC sp e c tro m e te r , th e se  v a lu es  were I .36  and 
1.1+7, r e s p e c t iv e ly .  Both o f  th e  v a lu es  m easured on th e  Dupont 
A nalyzer a re  la rg e r  than  th o se  m easured on th e  CEC in s tru m e n t, 
b u t th e  r a t i o s  o f  th e se  v a lu e s  a re  about eq u a l (1.1+0/1.57 = O.892  
and I . 36/ I . I +7 = 0 .9 2 5 ) .
38 . A s in g le  l in e  could  a ls o  be c o n s tru c te d  by fo rc in g  th e  
lo g (k  /k OT.) v a lu es  fo r  a s in g le  QH to  be th e  same. However,d bl/
t h i s  tre a tm e n t p la ce s  too  much em phasis on th e  ex p erim en ta l 
v a lu es  o f  th e se  lo g (k a /k g p ) ' s .  The advantage o f  th e  in te r c e p t  
method i s  t h a t  a l l  lo g (k  / k ^ J ' s  a re  used to  determ ine  thecI bl/
v a lu e  o f lo g ( k ° ) .
a
T able  1 .2 . R e la tiv e  r a t e  c o n s ta n ts  (k^ /kgp) f ° r  hydrogen a b s t r a c t io n  
from s u b s t i tu te d  to lu e n e s  (xQH) v e rsu s  d eu teriu m  a b s t r a c t io n  from 
b e n z e n e th io l-d  by t e r t -b u ty l  r a d i c a l s .
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3-3  ±  0 .2 0 .5 2
£-Br 0 .1 3-9 0 .5 9
£-CN 0 .1
*4*CO 0 .9 2
m-N02 0 .1 6 .9 0.81*
6From th e se  d a ta ,  p = 1 . 0 +  0 .3 ;  7 p o in ts .
(The l e a s t  sq u ares  a n a ly s is  a ls o  g iv e s :
the  l e a s t  sq u ares  l in e  i s  log  ( ( k  /k cn) x  10 ) « l.Ocr + 0 .2 1 ;3 dU
AO
th e  s tan d a rd  d e v ia t io n  o f  th e  s lope  = 0 . 13; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  ■ 0 . 10; 
th e  c o r r e la t io n  c o e f f ic ie n t  = O.9 6 . )
(a )  Molar c o n c e n tra tio n  o f 2 , 2 ' -a z o iso b u ta n e .
(b ) Logarithm  o f  th e  average kX/k c n .3 dl)
(c )  S t a t i s t i c a l l y  c o rre c te d  to  g iv e  th e  r e a c t i v i t y  p er m ethyl group.
(d ) Average kX/kg^ + one s tan d a rd  d e v ia t io n .
(e )  See r e f .  2 8 .
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T able  1 .3 . R e la tiv e  r a t e  c o n s ta n ts  (kx /k on) fo r  hydrogen a b s t r a c t io n3 DU
from s u b s t i tu te d  to lu e n e s  (xQH) v e rsu s  d eu teriu m  a b s t r a c t io n  from 
b e n z e n e th io l-d  by t e r t -b u ty l  r a d ic a l s .
x [BPP]a ( ka / kSD> X 102 lo g ( ( k a /lcSD  ̂ X 1C)2)b
£-Me 0 .1  1 .4 °  0 .15
£ - C l  0 . 1  2 . 9
0 .2  3-1
a v g :d 3-0  + 0 .1  0 A 8
£-B r 0 .2  3 -3  0 .5 2
m-Cl 0 .2  6 .2  0 .79
From th e se  d a ta ,  p = 1 .1  + 0 .8 ;  p o in t s . 6 
(The l e a s t  sq u ares  a n a ly s is  a ls o  g iv e s :
2
th e  l e a s t  sq u ares  l in e  i s  lo g ( ( k a /kgp ) x 10 ) -  1 .08cr + 0 . 3 1 ; 
th e  s tan d a rd  d e v ia t io n  o f th e  s lo p e  = 0 . 20 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 8 ; 
th e  c o r r e l a t io n  c o e f f i c i e n t  = 0 .9 7 *)
(a )  M olar c o n c e n tra tio n  o f  t e r t -b u ty l  p e ro x y p iv a la te .
(b ) Logarithm  o f  th e  average
(c )  S t a t i s t i c a l l y  c o r re c te d  to  g ive  th e  r e a c t i v i t y  p e r m ethy l group.
(d ) Average k /k Cft + one s ta n d a rd  d e v ia t io n .3 dU






















T ab le  1 .4 . R e la tiv e  r a t e  c o n s ta n ts  (k^Vk-p.) fo r  hydrogen a b s t r a c t io n
from s u b s t i tu te d  to lu e n e s  (xQH) v e rsu s  deu terium  a b s t r a c t io n  from
£
2 -m e th y l-2 -p ro p a n e th io l-d  by t e r t -b u ty l  r a d ic a l s .
X [AIB]b (k a / k sD) x  102 lo g ( (k a /kgD) x  102 )°
H 0 .1 2 .5 0 .4 0
£-F 0 .1 2 .7 0 .4 3
0 .1 2 .8
£ -C l 0 .1 5 .8
0 .1 4 .6
av g :d 3 .7  + 0 .9 0.57
£ -B r 0 .1 3 .8
0 .1 3-3
a v g :d 3 .6  + 0 .3 O.56
From th e se  d a ta ,  p = 0 .7  + 0 . 2 ;  4 p o in t s . 6 (The l e a s t  sq u ares  
a n a ly s is  o f  th e se  d a ta  a ls o  g iv e s :
th e  l e a s t  sq u a res  l in e  i s  lo g ((k * /k g D) x 102) = 0 .7 4 a  + 0 . 3 9 ; 
th e  s ta n d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 5 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 1 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = 0 .9 9 *)
x  [AXB]b (k a /kgjj) x  102 lo g ( (k a /kgD) x  102 ) c
0.1 1.2f
0.1 1.0f
av g :d 1 .1  + 0 .1 0.04
x [AIB]b (^a/kg!)) * 102 lo g ((k a /k SD) x 102) C




l . k £





a v g :d 1 .9  + 0 .1 0 .2 8
m-Br 0 .1 3 -9 0 .5 9
From th e se  d a ta ,  p = 1 ,0  + 0 .14-; 5 p o in ts ,  
a n a ly s is  a ls o  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g ((k a /kgD) x  102 ) 
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  * 0 . 13 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 6 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = 0 .9 7 *)
e (The l e a s t  sq u ares  
» l.O k a  +  0 . 20 ;
X [AIB]b (ka /k SD) x  102 ^ ( ( ^ / k g p )  x  102) C




av g :d 2 .6  + 0 .7 O .U
m-Br 0 .1 h .3 O.63
m-N02 0 .1 7 .0 0.85
From th e se  d a ta ,  p “  1 .0  + 2 .0 ;  3 p o in ts . 6 (The l e a s t  sq u ares  
a n a ly s is  a ls o  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g ( (k a /kgD) x  102 ) 8 0 . 88a + 0 . 2^ ; 
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  * 0 . 16 ;
th e  s ta n d a rd  d e v ia t io n  from re g re s s io n  * 0 . 0 6 ;
th e  c o r r e la t io n  c o e f f ic ie n t  = O .9 8 .)
(a )  There a re  th re e  l e a s t  sq u ares  l in e s  fo r  t h i s  system  r a th e r  
th an  j u s t  one because th e se  d a ta  were o b ta in ed  b e fo re  and 
a f t e r  b reakage o f th e  mass s p e c tro m e te r 's  f ila m e n t and a f t e r  
subsequen t ad ju stm en t o f  th e  f ilam e n t c u r r e n t .
(b ) M olar c o n c e n tra tio n  o f  2 ,2 , -a z o iso b u ta n e .
(c )  Logarithm  o f  th e  average  k * /k gI).
(d ) Average k * /k gD + one s tan d a rd  d e v ia t io n .
(e )  See r e f  28.













FIG. 1.4. fl HAMMETT PLOT OF ( FROM AIB 1 + XQH / TBUSD
A  BEFORE FILAMENT BREAKAGE +  AFTER FILAMENT BR0KE X  AFTER CURRENT ADJUSTED
TBU
-0.20 -b.08 ciToi o', is 0 .2 HSIGMA 0.35 a. us 0.57 o.se
CHAPTER 2
POLAR EFFECTS IN RADICAL REACTIONS. A POSITIVE 
RHQ FOR THE REACTIONS OF ISOPROPYL 
RADICALS WITH SUBSTITUTED TOLUENES.
In  re c e n t  y e a r s ,  a  Hamnett op r e la t io n s h ip  fo r  a hydrogen a b s t r a c ­
t io n  r e a c t io n  from a s u b s t i tu te d  to lu e n e  (QH) by a r a d ic a l  (R -) has 
been in te r p r e te d  in  term s o f  p o la r  e f f e c t s  in  th e  t r a n s i t i o n  s t a t e  
(PETS) . 1 "5 The PETS th e o ry  proposes th a t  e i t h e r  resonance  s t r u c tu r e  
2 o r  J  i s  an im p o rtan t c o n tr ib u to r  to  th e  s t a b i l i z a t i o n  o f  th e  t r a n s i ­
t io n  s t a t e  (TS) o f  eq 2 .1 .
k
R. + QH — > [R. H -Q <— > R :“ H +Q <— > R+ H " :Q ] —> RH + Q>
( 2 . 1)
The p o s s i b i l i t y  o f  s u b s t i tu e n t  e f f e c t s  in  th e  ground s t a t e  in f lu e n c in g  
bond d i s s o c ia t io n  e n e rg ie s  (BDE) and, th e r e f o r e ,  r e l a t i v e  r e a c t i v i t i e s  
and th e  s ig n  o f  rho  i s  n e g le c te d  in  th e  PETS th e o ry . C le a r ly , t h i s  
may be an extrem e p o s i t io n .
Z a v its a s  has r e c e n t ly  espoused th e  o p p o s ite  extrem e p o s i t io n . 6 
C oncluding th a t  c o n s id e ra t io n  o f  charge s e p a ra t io n  in  th e  TS 
(reso n an ce  forms 2 and 2.) i s  u n n ecessa ry , he proposed th a t  th e  Hamnett 
r e l a t io n s h ip  fo r  eq 2 .1  cou ld  be e x p la in ed  by th e  s u b s t i tu e n t ,  depen­
dence o f  th e  BDE o f  b e n z y lic  hydrogen bonds in  QH. Only n e g a tiv e  
(o r  z e ro ) rho  v a lu e s  would be p re d ic te d  by t h i s  th e o ry  because 
s u b s t i tu e n ts  w ith  n e g a tiv e  sigma v a lu e s  weaken th e  C-H bond and
48
49
th o se  w ith  p o s i t iv e  sigm as s tre n g th e n  i t . 6a Z a v its a s  a ls o  no ted  th a t  
th e  m agnitude o f  rh o , r e f l e c t i n g  th e  s e n s i t i v i t y  o f  t h i s  r e a c t io n  
(eq  2 .1 )  to  s u b s t i tu e n t  e f f e c t s  on BDE, was in v e r s e ly  p ro p o r t io n a l  
to  th e  e x o th e rm ic ity  o f  th e  r e a c t io n .6**
We f e e l  th a t  r e a l i t y  l i e s  somewhere betw een th e se  ex trem es and 
t h a t  b o th  PETS and s u b s t i tu e n t  e f f e c t s  on C-H bonds in  th e  ground 
s t a t e  shou ld  be co n sid e red  in  i n t e r p r e t in g  th e  r e s u l t s  o f  Hammett 
s tu d ie s  o f  eq 2 .1 .  However, because o f  th e  a b so lu te n e ss  and 
p e rsu a s iv e n e ss  o f  Z a v i t s a s 's  argum ents, we f e e l  com pelled to  p re s e n t  
ev id en ce  p rov ing  th e  e x is te n c e  o f  PETS. The p o s i t iv e  rho  v a lu e s  
which have been  re p o r te d  fo r  hydrogen a b s t r a c t io n  from s u b s t i tu te d  
to lu e n e s  by t e r t -b u ty l7 and undecyl8 r a d ic a l s  c e r t a in l y  in d ic a te  
th e  e x is te n c e  o f PETS. More s u b s ta n t ia t in g  ev id en ce  i s  needed and 
in  t h i s  c h a p te r  we r e p o r t  a  p o s i t iv e  rho  v a lu e  fo r  eq 2 .1  w ith  
R = is o p ro p y l ( i P r ) .
These a lk y l  r a d ic a l s  were g e n e ra te d  by p h o to ly s is  (Rayonet 
r e a c to r ,  BL l i g h t s )  o f  2 , 2 ' -azopropane (AIP) in  a  s o lu t io n  o f  to lu e n e  
(QH) and d e u te ra te d  t h i o l  (RSD). V alues o f k  (eq  2 .1 )  r e l a t i v e  tod
kgp fo r  d eu terium  a b s t r a c t io n  from th e  t h i o l  were determ ined  by mass 
sp ec tro sco p y  from th e  r a t i o  o f  peaks co rre sp o n d in g  to  p ro to n a te d  and 
d e u te ra te d  p ro d u c ts . For propane (iP rH ) and p ro p an e -2 rd , ( iP rD ), 
th e se  mass to  charge r a t i o s  (m /e) a re  and lj-5 .
Assuming th a t  th e  u s u a l s te a d y - s ta te  assum ptions a re  met and 
th a t  hydrogen a b s t r a c t io n  from to lu e n e  i s  th e  o n ly  s ig n i f i c a n t  
r e a c t io n  y ie ld in g  iP rH , th e n  p lo ts  o f  th e  m/e to  ^5 peaks v e rsu s
50
[QH] /[RSD] should  g ive  a s t r a ig h t  l in e  w ith  a s lo p e  eq u al to  k /k e n . 
O ther p o s s ib le  sou rces o f  RH a re  ( l )  H a b s t r a c t io n  from th e  R p o r t io n  
o f  RSD (o r  from im p u rity  RSH), (2 ) induced decom position  o f  i n i t i a ­
t o r  caused by iP r* , and ( 3 ) cage o r  (4) f r e e  s o lu t io n  d is p ro p o r t io n a -  
t io n  o f th e se  r a d ic a l s .  On th e  b a s is  o f  th e  fo llo w in g  c o n tro l  e x p e r i ­
m en ts , we f e e l  th a t  a l l  th e se  so u rces  can be n e g le c te d .
( l )  A b s tra c tio n  o f  H from RSD o r from a c o n s ta n t amount o f  RSH 
im p u rity  a f f e c t s  th e  in te r c e p t  o f  th e  p lo t  b u t n o t th e  s lo p e .
(2 ) Induced decom position  does no t occur s in c e  th e rm o ly s is  o f  a z o is o -  
b u ty r o n i t r i l e  o r  t e r t -b u ty l p e ro x y p iv a la te  in  a s o lu t io n  o f  AIP in  
to lu e n e  does n o t reduce  th e  c o n c e n tra tio n  o f  AIP. ( 3 ) and (1+) d is p ro -  
p o r t io n a t io n  o f  f r e e  iPr* in  t h i o l  s o lu t io n s  would n o t be e x p e c te d . 9 
I n  f a c t ,  m o n ito rin g  d is p ro p o r t io n a tio n  by m easuring  dim er from 
r e a c t io n  m ix tu res  o f  0 .5  M AIP w ith  m olar r a t i o s  o f  p a ra -c h lo ro to lu e n e  
to  b e n z e n e th io l o f 1:1  and 23 : 1» we f in d  th e  y ie ld  o f  2 , 3 "dim ethy1- 
bu tan e  rem ains sm all and c o n s ta n t, 2 x  10 ^M. The c o n s is te n c y  o f 
t h i s  y ie ld  as the  c o n c e n tra tio n s  o f  r a d ic a l  scav en g ers  a re  v a r ie d  i s  
in d ic a t iv e  o f  th e  absence o f  f r e e  s o lu t io n  d is p ro p o r t io n a t io n ,  and 
th e  sm alln ess  o f  t h i s  y ie ld  in d ic a te s  t h a t  the  cage p ro cess  i s  not 
s i g n i f i c a n t . 10 Propane a ls o  m ight be produced by a d d i t io n  o f  a 
r a d ic a l  to  an a ro m atic  compound to  g iv e  a c y c lo h ex ad ien y l r a d ic a l  
fo llow ed  by hydrogen a b s t r a c t io n  by iP r*  . S ince s u b s t i tu te d  to lu e n e s  
were n o t d e te c te d  i n  p roduct s o lu t io n  by vpc , t h i s  p o s s i b i l i t y  can 
be e l im in a te d .
A Hammett ap tre a tm e n t o f th e  d a ta  c o l le c te d  a t  30° (T ab le  2 .1  
and F ig  2 .1 )  g iv es  p * 0 .8  + 0 .1 ;  sy ■ 0 .0 6 ; 21 p o in t s . 11 T h is
51
T able  2 .1 .  R e la tiv e  r a te  c o n s ta n ts  (kX/k ° )  fo r  hydrogen a b s t r a c t io n3 3
from s u b s t i tu te d  to lu e n e s  (xQH) by th e  is o  p ro p y l r a d ic a l  a t  50° . 8 
x  System^ lo g (k X/k ° )
I -0 .14
p-Me I I -0 .04
I I I -0 .14
3 .5 -Me2 I I I -0 .1 4
I - 0 .0 6
m-Me I I -0 .2 6
I I I -0 .0 8
P-F I I I 0 .0 6
I 0 .17
p-C l I I 0 .2 1
I I I 0 .24
I 0 .24
p-Br I I 0 .3 0
I I I 0 .2 9
m-F I I I 0 .2 9
I 0 .2 0
m-Cl I I 0 .3 1
I I I 0 .24
52
X System*1 log (k* /k°>  C
m-Br I 0 .27
I I 0 .35
p-CN I I I 0 .51
From th e se  d a ta ,  p =  0 .8  + 0 . 1 ;  Sy = 0 .0 6 ;  21 points.**
(The l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  g iv e s :  
th e  l e a s t  sq u ares  l in e  i s  lo g (k * /k ° )  = 0 . 82a  “ 0 .001 ; 
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 7 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 7 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = 0 .9^ . )
(a )  Rate c o n s ta n ts  (k*) were m easured r e l a t i v e  to  th e  r a t e  c o n s ta n t
fo r  a b s t r a c t io n  o f  deu terium  from a d e u te ra te d  t h i o l  (^gp)> 
2 -m e th y l-2 -p ro p a n e th io l-d , t-BuSD, (sy stem  I b ) o r b e n z e n e th io l-d , 
PhSD, (system s I I  and III*5) .
(b ) System I  i s  2 ,2 ' -azopropane (AT*) and t-BuSD; system  I I  i s  AIP
and PhSD b e fo re  th e  f ila m e n t c u r re n t  o f  th e  mass sp ec tro m ete r 
was a d ju s te d ;  system  I I I  i s  AIP and PhSD a f t e r  th e  f ilam e n t 
c u rre n t was a d ju s te d .
(c )  For each system , the  in te r c e p t  o f  th e  l e a s t  sq u ares  l in e  o f  th e
Hammett e q u a tio n  fo r  t h a t  system , lo g (k ° ) ,  was s u b tra c te d  fromd
th e  lo g a rith m  o f  th e  r e l a t i v e  r a t e  c o n s ta n ts  to  g iv e  lo g (k  /k  ) .8 &




FIG. 2.1. A HAMMETT PLOT OF H ABSTRACTION FROM XQH BY IPR*.
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p o s i t iv e  rho i s  c e r t a in ly  a t  v a r ia n c e  w ith  th e  v a lu e  o f  -1 .2  p re d ic ­
te d  by Z a v itsa s  fo r  t h i s  r e a c t io n ;6*5 how ever, i t  i s  in  accord  w ith  
th e  tre n d  o f  rho  v a lu es  p re d ic te d  by th e  PETS th e o ry . S ince th e  
io n iz a t io n  p o te n t ia l  (IP ) o f  th e  iso p ro p y l r a d ic a l  i s  g r e a te r  th an  
th a t  o f  th e  t e r t -b u ty l  r a d ic a l  (tB u*) [IP  ( iP r* )  = 7*77 eV12 and 
IP  (tB u*) = 7 .4  eV12], th e re  should  be le s s  p o s i t iv e  charge d ev elo p ­
ment on th e  R* in  th e  TS o f  eq 2 .1  where R i s  is o p ro p y l th a n  when 
i t  i s  t e r t -b u ty l .  The PETS concep t a rg u es  t h a t  resonance  form ^  o f 
eq 2 .1  should be more im p o rtan t fo r  tBu* th a n  fo r  i P r • ,  and th e re fo re ,  
th e  rho  v a lue  fo r  hydrogen a b s t r a c t io n  from to lu e n e s  by tBu* should  
be more p o s i t iv e  th an  th a t  fo r  iPr* . S ince we have re p o r te d  p = 1 .0 
fo r  tB u * ,8 th e  PETS p ro p o sa l i s  s u b s ta n t ia te d .
EXPERIMENTAL SECTION
PURIFICATIONS AND SYNTHESES.
Toluenes (QH). T oluenes t r e a te d  by th e  p rocedure  d e sc r ib e d  in  
C hapter 1 were u sed .
2 -Methy 1 -2 -p ro p an e th io  1 -d^ (t^-BuSD) and b e n z e n e th io l-d ^  (PhSD). 
These d e u te ra te d  t h i o l s  were p rep a red  by th e  method d e sc r ib e d  in  
C hapter 1.
2.2* -Azopropane ( A IP)... AIP was p rep a red  v ia  th e  method o f  Ohme 
and S ch m itz .13 (See th e  2 , 2 ' -a z o iso b u ta n e  s y n th e s is  in  C hapter 1 
fo r  a  d is c u s s io n  o f  t h i s  p ro c e d u re .)  From 250 ml (5*0 m ole) o f 
i s o  p ropy lam ine , 39g (0 .2  m ole, lj-0 $) o f  N ,N '-d i- iso p ro p y lsu lfa m id e  was 
o b ta in e d  and used to  p re p a re  10 g (0 .1 1  m ole) o f  AIP, bp h0-l*lo a t  
120 mm; nmr (CC14 ) 6 1 .2  (d , J  = 6 .5 Hz, 5.8H , -CH(CH3 ) 2 ) and 3 .5  
( s e p t e t ,  J  -  6 .5  Hz, 1H, -CH(CH3 ) 2 ) ; uv (C6H6) ^  359 nm
(e  15)> [ l i t .  bp 8 8 .50 ;14 nmr (n e a t)  6 1 .188 (d , J  = 6 .5  Hz) and 
3.525 ( s e p t e t ,  J  = 6 .5  H z);15 uv ( " s a tu r a te d  hydrocarbon  s o lv e n t" )
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PROCEDURES FOR KINETIC RUNS.
For a  s in g le  k in e t i c  ru n  f o r  one s u b s t i tu te d  to lu e n e , r e a c t io n  
s o lu t io n s  o f  fo u r to  s ix  d i f f e r e n t  to lu e n e  (QH) to  t h i o l  (RSD) r a t i o s  
were p repared  by m ixing to lu e n e  and t h i o l  s o lu t io n s  o f  th e  same AIP 
c o n c e n tra t io n . (The [QH]/[RSH] r a t i o  v a r ie d  from 0 . J  to  25, th e  
c o n c e n tra tio n  o f  AIP in  v a r io u s  ru n s  was 0 .1 ,  0 .2 ,  0 .25  o r 0 .5  M.) 
A fte r  th e  r e a c t io n  m ix tu re s  were p laced  in  Pyrex sample tu b es  and
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degassed by fo u r freeze-pum p-thaw  c y c le s ,  th e  s o lu t io n s  were pho to - 
lyzed  u s in g  Rayonet RPR 3500 o r G eneral E l e c t r i c  8T5/BL lamps in  a 
Rayonet photochem ical r e a c to r  equipped w ith  a "m erry-go-round" to
in s u re  t h a t  a l l  tu b e s  re c e iv e d  e q u a l i r r a d i a t i o n .  S ince th e  quantum 
y ie ld  o f  n itro g e n  (and , th e r e f o r e ,  iP r* )  p ro d u c tio n  fo r  p h o to ly s is  o f  
AIP i s  on ly  0 .0 2 5 , 15 th e se  s o lu t io n s  were pho to lyzed  fo r  11 h r .  E x c ita ­
t io n  o f  benzeneth io l-< l (PhSD) may occur d u rin g  t h i s  tim e ; however, 
2 -m eth y l-2 -p ro p an e-d  (t-BuSD) i s  n o t e x c i t e d . The s im i l a r i t y  o f  th e  
rho  v a lu e s  fo r  th e  AIP/jt-BuSD and AIP/PhSD system s (T ab les  2 .2  and 2 .3 )  
in d ic a te s  th a t  p h o to ly s is  o f  PhSD i s  n o t k i n e t i c a l l y  im p o rtan t.
A fte r  p h o to ly s is ,  th e  sample tu b es  were fro z e n  in  a  CC14 - (o r  
a c e to n e -)  Dry Ic e  o r E tO H -liquid  N2 s lu s h  b a th . The gas over th e  
s o lu t io n  was th en  t r a n s f e r r e d  d i r e c t l y  in to  a  C o n so lid a ted  E ng ineering  
C o rp o ra tio n  Model 21-620 mass sp e c tro m e te r . The r a t i o  o f  m ass/charge 
(m /e) peaks kh to  l»-5 was m easured and co n v erted  to  a propane (iP rH ) 
to  p ropane-2 -d  (iP rD ) r a t i o .  S ince th e  c rack in g  p a t te r n  fo r  propane 




iPrD 3 6 ,l7 a
th e  e q u a tio n  used to  e f f e c t  t h i s  co n v e rs io n  i s
[iP rH ] (2 .2)
t i p s r r Hi+5 h45
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in  which i s  th e  h e ig h t  o f  th e  m/e 44 peak and Hj^ i s  th e  h e ig h t o f  
th e  m/e 45 peak . 18 The m/e kk and 45 (M+) peaks were chosen fo r  t h i s  
a n a ly s is  because a lth o u g h  th ey  a re  no t th e  l a r g e s t  peaks in  th e  propane 
and propane-2 -d  s p e c t r a ,  th ey  a re  th e  b e s t  in d ic a to r s  o f  th e  e x te n t  o f  
is o to p ic  s u b s t i t u t io n .
S ince i t  i s  im p o rtan t to  ou r method o f  a n a ly s is  t h a t  th e  m/e 44  
and 45 peaks r e s u l t  from iPrH  and iPrD o n ly  and no t from any o th e r  
compounds, s e v e ra l  p re c a u tio n s  were ta k e n . F i r s t l y ,  on ly  to lu e n e s  and 
t h i o l  whose c ra ck in g  p a t te rn s  showed n e g l ig ib le  c o n tr ib u tio n s  to  th e se  
peaks were u sed . Secondly, th e  r e a c t io n  m ix tu re s  were fro z e n  in  s lu sh  
b a th s  o f  tem p era tu res  as  low as -117° (E tO H -liq  N2) so t h a t  o n ly  very  
low b o i l in g  g ases could  be t r a n s f e r r e d  in to  th e  mass sp e c tro m e te r.
S ince vpc an a ly se s  id e n t i f i e d  p ropane, p ropene, 2 ,3 -d im e th y lb u tan e ,
and d i s u l f id e  [(PhS>2 o r  (t-BuS>2 ] as th e  p rim ary  r e a c t io n  p ro d u c ts , and 
s in c e  p ropene, th e  on ly  low b o i l in g  component o f t h e  system  o th e r  
th an  propane, does no t g ive  a  m/e 44 o r 45 Peak> wa c o n fid e n t th a t
th e  peaks o f th e se  m /e 's  a re  o n ly  due to  propane and p ropane-2 - d . 19
KINETIC ANALYSIS.
Iso p ro p y l r a d ic a l s  ( iP r* )  were g en e ra ted  by th e  p h o to ly s is  o f  
2 ,2 ' -azopropane(AIP) in  a  s o lu t io n  o f  a s u b s t i tu te d  to lu e n e  and a deu­
te r a te d  t h i o l .
iPr-N =N -iPr - ^ 4 —> 2 iP r -  + N2 (2 . 3 )
(AIP)
A fte r  e scap in g  from th e  cage , th e  i P r • e i t h e r  may a b s t r a c t  a  hydrogen
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atom from th e  to lu e n e , QH (eq 2 .k ) ,  o r from RSH p re s e n t as an im p u rity  
i n  the  d e u te ra te d  t h i o l  to  produce propane (iP rH ) (eq  2 .5 ) ,  o r  a b s t r a c t  
a deu terium  atom from th e  d e u te ra te d  t h i o l ,  RSD, to  g ive  p ropane-2 -d  
(iP rD ) (eq 2 .6 ) .
k
iP r -  + QH -2 —> iPrH + Q- ( 2 . k )
iP r -  +  RSH -2 S ->  iPrH  + RS- ( 2 . 5 )
iP r -  +  RSD iPrD + RS- (2 .6 )
Propane may a ls o  be produced by d is p ro p o r t io n a t io n  o f  iP r -  bo th
in  th e  cage (eq  2 .7 ) and in  f r e e  s o lu t io n  (eq 2 . 8 ) .
k ,
AIP ------ > [2 iP r • ] - S— > iPrH  + CH3CH=CH2 ( 2 .7 )
I2 iP r  •  > iPrH + CH3CH=CH2 (2 .8 )
A lthough induced decom position  o f  AIP by iP r -  i s ,  i n  th e o ry , a n o th e r 
p o s s ib le  source  o f  propane (eq 2 .9 )»
iP r*  + AIP ------ > iPrH + CH3C=CH2 + N2 + iP r -  ( 2 .9 )
t h i s  p ro cess  does n o t occur under ou r c o n d itio n s  s in c e  2 -cyano-2-p ro p y l 
t e r t - b u t y l  r a d ic a l s  produced by th e rm o ly s is  o f  a z o is o b u ty r o n i t r i le  
(AIBN) and t e r t -b u ty l  p e ro x y p iv a la te  a t  80° in  a s o lu t io n  o f  AIP in  
to lu e n e  do n o t cause th e  c o n c e n tra tio n  o f  AIP to  d e c re a se . A dd ition  o f  
a r a d ic a l  to  an a rom atic  r in g  to  g iv e  a  cy c lo h ex ad ien y l r a d ic a l  fo llow ed 
by hydrogen a b s t r a c t io n  by a iP r*  would a ls o  g iv e  iso b u ta n e  (eq  2 .1 0 ) .
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H R
R« + C6H4XMe > iPrH + RC6H3XMa (2.10)
However, s in c e  no cymene (RC6H3XMe, r  = iP r ,  X = H) could  be d e te c te d  
by vpc in  a  r e a c te d  s o lu t io n  o f  0 .5  M AIP in  to lu e n e  and b e n z e n e th io l 
([QH]/[PhSD] = 1 9 .6 ) , t h i s  mechanism can be n e g le c te d . The r a t i o s  o f  
r a t e s  o f  fo rm atio n  o f  propane and p ropane-2-d  a re  g iven  in  eq 2 .1 1 , 
where f £ i s  th e  f r a c t io n  o f  th e  r a d ic a l s  t h a t  r e a c t  in  th e  cage . S ince 
RSH i s
T h e re fo re , th e  r e l a t i v e  y ie ld s  o f  propane and p ropane-2 -d  a re  g iven  by 
th e  fo llo w in g  e q u a tio n :
A p lo t  o f  [ iP rH ]/[ iP rD ]  v e rsu s  [QH]/[RSD] w i l l  be a s t r a i g h t  l in e  w ith  
a s lo p e  o f  ka / k gj) and in te r c e p t  kgH[RSH]/kSI)[RSD] i f  th e  l a s t  two 
term s in  eq 2 .1 2  a re  in s ig n i f i c a n t  r e l a t i v e  to  th e  f i r s t  two te rm s.
The amount o f  propane formed by d is p ro p o r t io n a tio n  (eq s  2 .7  and 
2 .8 ) may be m onito red  by o b serv in g  the  y ie ld  o f  2 , 3 -d im eth y lb u tan e  
produced by th e  com bination  r e a c t io n s  (c a g e , eq 2 .1 3  and f r e e  s o lu t io n ,  eq 
2 . 1̂ )  because (k £ + k^ ) / ( k d + k^ ) i s  a c o n s ta n t .
d [lP rH ] _ k df c [AIP] 4- k a [ iP r.][Q H ] + k gH[iP r.][R S H ] + k ^ i P r - J  
d [iP rD ] kSD[iPr*][RSD]
i s  independen t o f  th e  QH/RSD r a t i oa f ix e d  im p u rity  in  RSD
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k
[2 I P * .]  -S — > CH3CH(CH3 ) CH(CH3 )CH3 ( 2 . 13)
A k '
2 iPr* -£ — > CH3CH(CH3 )CH(CH3 )CH3 (2 .1*0
For exam ple, u s in g  b o th  1 :1  and 23 :1  m olar r a t i o s  o f  £ -c h lo ro to lu e n e
to  PhSD and 0 .5  M AIP, th e  same y ie ld  o f  2 ,3 “d im eth y lb u tan e ,
-32 x  10 ^ M, was o b ta in e d . Thus, even a f t e r  c o r r e c t io n  fo r  th e  r a t i o  
o f  d is p ro p o r t io n a t io n  to  com bination  by iso p ro p y l r a d ic a ls  o f  1 . 2 , 10^ 
th e  cage iPrH i s  n e g l ig ib le  w ith  r e s p e c t  to  the  t o t a l  iPrH formed. 
S ince th e  amount o f  t h i s  com bination  p ro d u c t rem ained sm all and 
c o n s ta n t as th e  c o n c e n tra tio n  o f  r a d ic a l  scavengers  (RSD and QH) 
were v a r ie d , 20 n e i th e r  com bination  nor d is p ro p o r t io n a t io n  o f  iso p ro p y l 
r a d ic a l s  o ccu rs  i n  f r e e  s o lu t io n .  T h is co n c lu s io n  i s  n o t unexpected ; 
o b se rv in g  th a t  th e  dim er y ie ld  from th e rm o ly s is  o f  AIBN was c o n s ta n t 
f o r  a  s im ila r  range o f  t h i o l  c o n c e n tra t io n s , Hammond e t  a l .  concluded 
t h a t  on ly  cage com bination  was o c c u r r in g . 9 T h e re fo re , th e  f r e e -  
s o lu t io n  d is p r o p o r t io n a t io n  term  o f  eq 2 .12  i s  n e g l ig ib le .
I f  cage d is p ro p o r t io n a t io n  (eq 2 .7 )  i s  im p o rta n t, th e  r a t i o  o f  
th e  y ie ld s  o f  propane to  p ro p an e-2 -d  should  in c re a s e  w ith  in c re a s in g  
AIP c o n c e n tra t io n  (s e e  eq 2 .1 2 ) .  However, t h i s  r a t i o  i s  th e  same 
w ith in  ex p e rim en ta l e r r o r  fo r  AIP c o n c e n tra tio n s  ran g in g  from 0 .1  to
0 .5  M i n  to luene /t-B uS D  (See T able 2 .2 ) .  T h e re fo re  th e  cage d is p ro -
V c[AIP]p o r t io n a t io n  term  in  eq 2 . 12 , , 1 ■ VpotTT” > must no t be s ig n i f i c a n t .
SD L J
The e q u a tio n  r e l a t i n g  th e  y ie ld s  o f  propane and p ropane-2 -d  to  
[QH]/[RSD] i s  g iv en  in  eq 2 .1 5 ,
Since th e  l a s t  term  in  t h i s  e q u a tio n  i s  a c o n s ta n t ,  k / k _  fo r  eachSi ol/
QH i s  th e  s lo p e  o f  a p lo t  o f  [ iP rH ]/[ iP rD ] v e rsu s  [QH]/[RSD],
DATA TREATMENT.
The r a t i o  o f  r a t e  c o n s ta n ts  f o r  hydrogen a b s t r a c t io n  from a QH 
and d eu teriu m  a b s t r a c t io n  from a RSD (k ^ k g p )  was o b ta in ed  from th e  
s lo p e  o f  th e  l e a s t  sq u ares  l in e  o f  [ iP rH ]/[ iP rD ] v e rsu s  [QH]/[RSD].
The v a lu e s  o f  k /k__ fo r  th e  QH's s tu d ie d  v e rsu s  each  RSD a re  g iven  a SD
in  T ab les  2 .2  (sy stem  I ;  t-BuSD) and 2 .5  (System  I I ;  FhSD). Because
th e  d a ta  in  T able 2 .5  were c o l le c te d  b e fo re  and a f t e r  ad ju stm en t o f
th e  mass s p e c tro m e te r 's  f ila m e n t c u r r e n t ,  th e re  a re  two l e a s t  sq u ares
l in e s  o f  k / k _  v e rsu s  sigma (F ig  2 .5 ) .  a ajj —— —
The k ' s fo r  th e se  two system s can  n o t be d i r e c t l y  combined toa
produce a  s in g le  Hammett e q u a tio n  because  th ey  were m easured r e l a t i v e  
to  k SD's  fo r  d i f f e r e n t  t h i o l s .  A Hanmett e q u a tio n  was c a lc u la te d  by 
th e  method o f  l e a s t  sq u ares  from lo g (k  /k e_) and sigma s u b s t i tu e n tA oD
c o n s ta n ts  fo r  each  system  ( th e  l e a s t  sq u ares  a n a ly s is  o f  each  system  
i s  g iv en  in  th e  a p p ro p r ia te  t a b l e ,  T ab les 2 .2  and 2 .5 ) .  By fo rc in g  
th e  l e a s t  sq u ares  l in e  fo r  each  system  to  go th rough  th e  o r ig in ,  a 
s in g le  l in e  d e s c r ib in g  " o v e r a l l "  Hammett e q u a tio n  can be c o n s tru c te d  
by s u b tr a c t in g  from th e  lo g (k a /k gD)v a lu e s  fo r  each  system  th e  
in te r c e p t  ( lo g  k °) o f  i t s  l e a s t  sq u ares  l i n e . 21 T h is p rocedure  g iv e s
"new" p o in ts  (cr, lo g (k a /k gI)) -  lo g (k ° ) )  (s e e  F ig  2 .1  and T able 2 .1 ) ,  
and th e  e q u a tio n  o b ta in e d  by th e  l e a s t  sq u ares  tre a tm e n t o f  th e se  
p o in ts  i s  th e  d e s ir e d  Hanmett e q u a tio n  ( th e  l e a s t  sq u ares  a n a ly s is  
o f  t h i s  l in e  i s  g iv en  in  T able  2 .1 ) .
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h45) v e rsu s  [QH]/[RSD].
19 . A lthough 2 ,5 “d im eth y lb u tan e  i s  r a th e r  low b o i l in g  (bp 5 8 ° ) , i t  
does n o t have s ig n i f i c a n t  m/e 44 and 45 peaks17** and, th e r e f o r e ,  
does n o t i n t e r f e r e  w ith  th e  mass s p e c t r a l  a n a ly s is  even  i f  i t  i s
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t r a n s f e r r e d  in to  th e  mass sp e c tro m e te r .
20. The [QH]/[RSD] r a t i o  was v a r ie d  from 0 .8  to  30 in  k in e t ic  runs 
and c o n tro ls .
21. In  o rd e r to  o b ta in  a s in g le  l in e  from th e  two l in e s  o f th e  
s e p a ra te  system s, one p o in t on each l in e  must be fo rced  to  be 
th e  same. T his p rocedure  cou ld  be done by fo rc in g  th e  lo g (k  )fit
fo r  a s u b s t i tu te d  to lu en e  i n  one system  to  eq u a l th e  v a lu e  o f 
lo g (k  ) c a lc u la te d  from th e  l e a s t  sq u ares  l in e  o f  th e  o th e r  
system . T his tre a tm e n t, how ever, p la c e s  to o  much dependence 
on th e  ex p erim en ta l v a lu e  o f  t h i s  one lo g (k  ) .  The advantage3
o f  th e  in te r c e p t  method i s  t h a t  a l l  lo g (k  ) ' s a re  used to
3
determ ine  th e  v a lu e  o f  lo g (k ° ) ,  th e  p o in t  which i s  fo rced  to
3
be th e  same, in s te a d  o f  j u s t  one .
T able  2 .2 .  R e la tiv e  r a t e  c o n s ta n ts  (kg/kgj)) fo r  hydrogen a b s t r a c t io n  
from s u b s t i tu te d  to lu e n e s  (xQH) v e rsu s  deu teriu m  a b s t r a c t io n  from 
2 -m eth y l-2 -p ro p an e th io l-< i by iso p ro p y l r a d i c a l s .






2 .7  +  0 .2 0 .4 3
m-Me 0 .5 3 .2 C 0 .5 1











6 .4  +  0 .4 0 .8 1
m-Cl 0 .5 5-9 0 .77
m-Br 0.25 6 .9 0 .8 4
0
From th e se  d a ta ,  p = 0 .7  + 0 .5 ;  6 p o in ts .
(The l e a s t  squ ares  a n a ly s is  o f  th e se  d a ta  a ls o  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g ((k * /k gD) x 102 ) = 0 .71a  + 0 .5 7 ;
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .1 ;
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  -  0 .0 5 ;
th e  c o r r e l a t io n  c o e f f ic ie n t  = O.9 6 .)
(a )  M olar c o n c e n tra tio n  o f 2*-2* -aeopropane.
(b ) Logarithm  o f th e  average k ^ / k ^ .
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( c )  S t a t i s t i c a l l y  c o rre c te d  to  g iv e  th e  r e a c t i v i t y  p er m ethyl group.
(d ) Average + one s tan d a rd  d e v ia t io n .
(e )  See r e f  11.
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T able 2 .3 .  R e la tiv e  r a t e  c o n s ta n ts  (kx /k cn) fo r  hydrogen a b s t r a c -
a Dl/
t io n  from s u b s t i tu te d  to lu e n e s  (xQH) v e rsu s  deu terium  a b s t r a c t io n
£
from b e n z e n e th io l-d  by iso p ro p y l r a d i c a l s .
X [AIP]b <k> : 3D> X X° 2 lo g ((k X/k SD) x 102 ) C
p-Me 0 .1 1 .9 d
0 .1 1 . 6d
eavg: 1.8  +  0 .2 0 .2 6
m-Me 0 .1 1 . 2d 0 .08
p-C l 0 .1 3-1
0 .1 3-3
eavg: 3 .2  + 0 .1 0 .51
p-Br 0 .1 3 .8
0 .1 k . 2
eavg: k.O ±  O.U 0 .60
m-Cl 0 .1 k . l 0 .61
m-Br 0 .1 h .5 O.65
From th e se  d a ta ,  p = 0 .9  + 0*5; 6 p o in ts .^  (The l e a s t  
sq u ares  a n a ly s is  o f  th e se  d a ta  a ls o  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g ((k X/ k _ )  x 102) = 0 . 90a  + 0 . 3 0 ;
8 DJJ
th e  s ta n d a rd  d e v ia t io n  o f  th e  s lope  = 0 . 2 ; 
th e  s ta n d a rd  d e v ia t io n  from re g re s s io n  = 0 . 1 ; 
the  c o r r e l a t io n  c o e f f i c i e n t  = 0 .9 I . )
X [AIP]b (k a /k SD)  x  102 lo g ((k * /k g D) x  1(
p-Me 0 .1 1 .5 d
0 .1 1 .6d
eavg: 1.6  + 0 .1 0 .20
3,5-M e2 0 .1 1 . 6d 0 .20
m-Me 0 .1 1 . 8d 0 .2 6
p-F 0 .2 2.5 0 .4 0
p-C l 0 .1 3 .8 O.58
p-Br 0 .1 4 .3 0 .6 3
m-F 0 .2 4 .3 0 .6 3
m-Cl 0 .1 3 .8 O.58
p-CN 0 . 1 7 .0 0 .85
From th e se  d a ta ,  p = 0 .8  + 0 .2 ;  9 p o in ts .^  (The l e a s t  sq u ares  
a n a ly s is  o f  th e se  d a ta  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g ((k * /k g D) x 102 ) = 0 . 8 l a  + 0 .3 4 ; 
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 7 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 5 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = O .9 8 . )
(a ) There a re  two l e a s t  sq u ares  l in e s  fo r  t h i s  system  r a th e r
th a n  j u s t  one because th e se  d a ta  were o b ta in ed  b e fo re
and a f t e r  th e  f ila m e n t c u r re n t  o f  th e  mass sp ec tro m ete r
was a d ju s te d .
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(b ) Logarithm  o f  th e  average kX/k  .
d  D U
(c )  S t a t i s t i c a l l y  c o rre c te d  to  g ive  th e  r e a c t i v i t y  per m ethyl 
group.
(d ) Average kX/k c + one s tan d a rd  d e v ia t io n .3 ol/ *"*
(e )  See r e f  11.
FIG. 2.3. fl HAMMETT PLOT OF IPR- + XQH / PHSD.
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POLAR EFFECTS IN RADICAL REACTIONS. I I I .  A POSITIVE RHO FOR 
THE REACTION OF UNDECYL RADICALS WITH SUBSTITUTED TOLUENES. 1
Hydrogen a b s t r a c t io n ,  th e  u b iq u ito u s  p ro cess  a l l  r a d ic a l s  p a r t i ­
c ip a te  i n ,  i s  th e  most u s e fu l  model fo r  s tu d y in g  f a c to r s  which a f f e c t  
th e  r e a c t i v i t y  o f  r a d i c a l s . 2"4 A lthough th e  bond d i s s o c ia t io n  e n e rg ie s  
(BDE) o f th e  bonds broken and formed in  th e  r e a c t io n  a re  th e  most 
im p o rtan t f a c to r s  c o n tro l l in g  hydrogen t r a n s f e r  r a t e s ,  o th e r  i n f l u ­
ences such as p o la r  e f f e c t s  on t r a n s i t i o n  s t a t e s  (PETS) f re q u e n tly  
cause im p o rtan t p e r tu r b a t io n s . 5 "7 Hammett-type c o r r e la t io n s  o f  the  
r a te  c o n s ta n ts  fo r  r a d ic a l  r e a c t io n s ,  which o f te n  have been accep ted  
as prim a f a c ie  ev idence  fo r  predom inant im portance o f  PETS have been 
observed in  atom t r a n s f e r s , 5"11 a d d i t io n s ,8 >9 *12 c o p o ly m e riz a tio n s ,7^ 
d is p ro p o r t io n a t io n s , 13 and (3- s c i s s i o n s . l4
We b e lie v e  th a t  th e  p v a lu e  i n  Hammett c o r r e la t io n s  o f  r a d ic a l  
r e a c t io n s  i s  determ ined  b o th  by PETS and by s u b s t i tu e n t  e f f e c t s  on 
th e  ground s t a t e s  o f  m olecu les th rough  t h e i r  in f lu e n c e  on BDE. 5 *15 
The e f f e c t s  o f  r in g  s u b s t i tu e n ts  on th e  BDE o f benzy l hydrogens can 
on ly  produce n e g a tiv e  p v a lu e s , 163 w hereas PETS can make e i t h e r  a 
p o s i t iv e  o r  a n e g a tiv e  c o n tr ib u t io n  to  p . 1 ’15 A lthough most o f  th e  
p v a lu es  which have been  re p o r te d  a re  n e g a t iv e , 8 ’9 we r e c e n t ly  re p o r ­
te d  p = +0 .9 9  f ° r  th e  r e a c t io n  o f  t e r t -b u ty l  r a d ic a l s  w ith  to lu e n e s . 1 
C le a r ly , i t  i s  d e s i r a b le  to  show th a t  t h i s  p o s i t iv e  p i s  n o t u n iq u e .
The p v a lu e s  fo r  th e  r e a c t io n  o f  o th e r  a lk y l  r a d ic a l s  w ith  to lu e n e s
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can se rv e  t h i s  p u rp o se . Z a v i ts a s ,  d is re g a rd in g  PETS, has p re d ic te d  
t h a t  a lk y l  r a d ic a l s  r e a c t  w ith  to lu e n e s  w ith  p v a lu es  ran g in g  from 
- 0 .6  fo r  m ethy l to  - 1 .6  fo r  t e r t - b u t y l ; 16^ i f  th e  p e r tu rb a tio n s  due 
to  PETS a re  c o n s id e re d , p v a lu es  fo r  a lk y l  r a d ic a l  r e a c t io n s  should  
l i e  betw een th e  p observed  fo r  t e r t - b u t y l  r a d i c a l s ,  + 0 . 9 9 » an^ th a t  
fo r  m ethyl r a d i c a l s , 17 abou t 0 . In  t h i s  c h a p te r  we r e p o r t  on a s tu d y  
o f  th e  r e a c t io n  o f  undecyl r a d ic a l s  w ith  to lu e n e s  which g iv e s  a p 
o f  + 0 .5 , c o n s is te n t  w ith  th e  PETS argum en ts .
Our k in e t i c  system  in v o lv e s  h e a tin g  la u ro y l  p e ro x id e , LPO 
(0 .6  M ), a t  81°  fo r  10 h r  in  t e r t - b u ty lb en zen e  s o lv e n t c o n ta in in g  
two s u b s t i tu te d  to lu e n e s  (0 .4  M each) in  an nmr tu b e . The r e l a t i v e  
r a t e  c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  from  th e  to lu e n e s  by th e  undecyl 
r a d i c a l s ,  U*, a re  eq u a l to  th e  r a t i o  o f  lo g a rith m s  o f  th e  f r a c t io n a l  
amounts o f  th e  two to lu e n e s  rem a in in g , a s  m easured by nmr. 1 8 ’19
There a re  two ty p es  o f  r e a c t io n s  which cou ld  in v a l id a te  our 
k in e t ic  a n a ly s is ,  ( l )  The f i r s t  i s  b e n z y lic  hydrogen a b s t r a c t io n  by 
r a d ic a l s  o th e r  th a n  U*; o th e r  r a d ic a l s  which m ight a b s t r a c t  b e n zy lic  
hydrogens a re  benzy l r a d ic a l s  and undecylcarboxy  (UC02 -) r a d i c a l s .
I n  s im ila r  sy stem s, a b s t r a c t io n  o f  hydrogen by a b en zy l r a d ic a l  has 
been shown n o t to  be im p o r ta n t . 20 A b s tra c tio n  by UC02 ‘ i s  n o t s i g n i ­
f i c a n t  s in c e  th e  amount o f  undecanoic ac id  formed in  th e  r e a c t io n  
m ix tu re  i s  on ly  a te n th  o f  th e  to lu e n e s  consumed and th e  undecane 
p roduced .
(2 ) The second r e a c t io n  which m ight i n t e r f e r e  i s  a d d i t io n  
o f U* to  th e  a rom atic  r in g  o f  s u b s t r a te s  to  produce a cy clohexa- 
d ie n y l r a d ic a l  which can (a )  form a s u b s t i tu te d  u n d ecy lto lu en e  by
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lo s s  o f  a hydrogen atom o r (b ) d im erize  to  produce a  cy c lo h ex ad ien y l 
d im er, which can be f u r th e r  o x id iz e d  to  form b ip h e n y ls .
( 2a) U ndecylto luene  i s  no t a s ig n i f i c a n t  p ro d u c t; vpc a n a ly s is  
showed th a t  th e rm o ly s is  o f  0 .6  M LPO and 0 .8  M to lu e n e  in  benzene 
s o lv e n t (? .8  M) produced 0 .1 8  M undecane and on ly  0 .02^ M un d ecy l- 
benzene . 21 S ince th e  r a t e  c o n s ta n ts  fo r  U* a d d i t io n  to  benzene and 
to lu e n e  a re  app rox im ate ly  e q u a l ,2 3 >24a even le s s  u n d ecy lto lu en e  m ust 
be produced in  t h i s  c o n tro l  experim en t th an  undecy lbenzene . (2b) F o r­
m ation  o f  b ip h en y ls  does no t i n t e r f e r e  w ith  ou r k in e t i c s  method s in c e  
th e  chem ical s h i f t  o f  t h e i r  b e n z y lic  p ro to n s  i s  v i r t u a l l y  i d e n t i c a l  
w ith  th a t  in  t h e i r  s u b s t i tu te d  to lu e n e  p re c u rs o r s ,  and th ey  would be 
counted  as u n reac ted  to lu e n e s  i n  ou r a n a ly s is .  C yclohexadieny l 
d im ers m ight w e ll i n t e r f e r e ,  b o th  because  t h e i r  CH3 groups a re  s h i f te d  
r e l a t i v e  to  th o se  o f  th e  to lu e n e s , and because th e y  cou ld  be im por­
t a n t  hydrogen donors; how ever, th e y  a re  no t im p o rtan t p ro d u c ts  s in c e  
we found no p ro to n  s ig n a ls  a t  5 ”8 ppm where cy c lo h ex ad ien y l v in y l ic  
hydrogens ab so rb . Thus, a lth o u g h  some a d d i t io n  m ust o c cu r , our nmr 
method i s  in s e n s i t iv e  to  t h i s  p ro c e s s . 25
A Hanmett op c o r r e la t io n  o f  ou r d a ta  a t  8 l °  (T ab le  3 .1  and 
F ig . 3 .1 )  g iv e s  p = O .5O + 0 .0 8 ; = 0 .0 3 ; 12 p o in t s . 26*27
Henderson and Ward, s tu d y in g  t h i s  r e a c t io n  by a co m p le te ly  in depen ­
d e n t m ethod, found p = 0 .5  + 0 .2 ;  10 p o in t s . 28 The f a c t  t h a t  th e se  
two m ethods, w ith  v e ry  d i f f e r e n t  ex p e rim en ta l d i f f i c u l t i e s  and p o s s i ­
b le  i n t e r f e r in g  r e a c t io n s ,  g iv e  the  same rho  v a lu e  i s  s tro n g  ev idence  
fo r  th e  accu racy  o f t h i s  v a lu e .
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T able 3 .1 .  R e la tiv e  r a t e  c o n s ta n ts  (kX/k ° )  fo r  hydrogen a b s t r a c t io n
3  Z
from s u b s t i tu te d  to lu e n e s  (xQH) by th e  undecy l r a d ic a l  a t  8 l ° . a
lo g (k X/k ° )
m eta-cyano 0 .27
meta-bromo 0 .1 9
m eta -ch lo ro 0 .1 8
m e ta -flu o ro 0 .1 8
p a ra -c h lo ro 0 .0 6
meta-methoxy 0 .0 9
p a ra - f lu o ro 0 .0 7
hydrogen -0 .0 2
m eta-m ethvi -0 .0 3
p ara-m ethv l -0 .13
p a r a - t e r t - b u ty l -0 .06
para-m ethoxy -0 .1 7
k c
From th e se  d a ta ,  p = 0 .5 0  + 0 .0 8 ; s^  = 0 .0 3 ; 12 p o in ts .
(The l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g (k X/k ° )  = 0 . 50a  ~ 0 .005 ;
cl cl
th e  s ta n d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 7 ; 
th e  s ta n d a rd  d e v ia t io n  from re g re s s io n  = O.Ol*-; 
th e  c o r r e la t io n  c o e f f ic ie n t  = 0 .9 7 • )
(a )  R ate c o n s ta n ts  were m easured r e l a t i v e  to  t h a t  fo r  to lu e n e
(sy stem  I )  and fo r  m eta-c h lo ro to lu e n e  (sy stem  I I ) .  For each
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system , lo g (k X/k ° )  i s  l i s t e d ,  v h e re  lo g (k ° )  i s  th e  in te r c e p t  o f
3 3 3
th e  l e a s t  sq u ares  l in e  fo r  th a t  system .
(b ) See r e f  27.
(c )  See r e f  26 .













T o lu en es . A fte r  b e in g  washed s e v e ra l  tim es w ith  co n cen tra ted  
s u l f u r i c  a c id ,  th e  s u b s t i tu te d  to lu e n e s  were washed w ith  10$ sodium 
b ic a rb o n a te  and w ith  d i s t i l l e d  w a te r , d r ie d  over anhydrous magnesium 
s u l f a t e ,  and vacuum d i s t i l l e d .
t e r t -B utvIbenzene (tB B ). T his so lv e n t was t r e a te d  in  th e  same 
manner as th e  to lu e n e s ;  nmr (CCI4.) 8 I . 3 I  ( s ,  -C (CH^)-g) and 7 .O-7 .3  
(m, -C6Ife).
L auroy l p e ro x id e  (LPO). T h is p e ro x id e , purchased  from L ucido l 
as A lperox, was p u r i f ie d  by two r e c r y s t a l l i z a t i o n s  from CC14 -m ethanol 
and d r ie d  under vacuum fo r  2 h r ;  nmr (tBB) 6 2.0-2.1|- (m, -CHgC0?-) 
and 0 .6 - 1 .8  (m, CHs^CH^g).
PROCEDURES FOR KINETIC RUNS.
In  o rd e r  to  de te rm in e  th e  r e l a t i v e  r e a c t i v i t y  o f  two s u b s t i tu te d  
to lu e n e s  (QH and Q'H) tow ard undecyl r a d ic a l s  (U*) v ia  th e  co m p e titio n  
m ethod, th e  c o n c e n tra tio n s  o f  b o th  QH's r e l a t i v e  to  th a t  o f  an i n t e r ­
n a l s ta n d a rd  m ust be m easured b e fo re  and a f t e r  r e a c t io n .  The method 
chosen fo r  a n a ly s is  was nmr. The r e a c t io n  which we d e s ire d  to  
o b se rv e , a b s t r a c t io n  o f  b e n z y lic  hyd rogens, causes a  d e c rea se  in  
QH c o n c e n tra tio n  and can be m onito red  by th e  d ec rea se  in  th e  a re a  o f  
th e  b e n z y lic  p ro to n  peak . However, t h i s  method i s  in s e n s i t iv e  to  
o th e r  p ro c e sse s  which consume QH b u t which do no t change th e  chem ical 
s h i f t  o f  th e  b e n z y lic  p ro to n s , such as a d d i t io n  to  th e  benzene r in g .
U n fo rtu n a te ly , th e re  were ex p e rim en ta l d i f f i c u l t i e s  a s s o c ia te d  w ith  
th e  nmr a n a ly s is ,  ( l )  The b e n z y lic  p ro to n  peaks o f  QH and Q'H a re  
n o t com pletely  re so lv e d  fo r  a l l  p o s s ib le  com binations o f  QH and Q'H. 
(2 ) LPO has a b so rp tio n  peaks in  th e  b e n z y lic  re g io n , which i n t e r f e r e  
w ith  th e  d e te rm in a tio n  o f  th e  b e n z y lic  peak a re a .
The f i r s t  problem  was e a s i ly  so lv e d . P a ir s  o f  QH's were chosen 
which a re  c o m p le te ^  re so lv ed  on th e  60 MHz in s tru m en t u sed , a V arian  
A-60A. The p a ir in g  scheme was as fo llo w s : in  system  I ,  m-CN, m-Br, 
m-F, and £-F  s u b s t i tu te d  to lu e n e s  were analyzed  v e rsu s  to lu e n e ; and 
i n  system  I I ,  m-MeO, m-Me, j>-Me, £ - t-B u , and j>-MeO s u b s t i tu te d  
to lu e n e s  were analyzed  v e rsu s  m -c h lo ro to lu en e . I t  shou ld  be noted 
th a t  because nmr chem ical s h i f t s  can be c o r r e la te d  w ith  s u b s t i tu e n t  
c o n s ta n ts ,29 re s o lv a b le  p a ir s  g e n e ra l ly  have a la rg e  d if f e r e n c e  in  a .  
I f  th e  dependence o f r e a c t i v i t y  on s u b s t i tu e n t  i s  s tro n g  ( la rg e  rho) 
th e n  the  r a t e  c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  from th e  QH1 s o f  
th e se  p a i r s  by U* w i l l  be v e ry  d i f f e r e n t .  Only one QH o f  th e  
re s o lv a b le  p a i r  may r e a c t .  T h is i s  a p o te n t i a l  problem  which cou ld  
p rec lu d e  th e  co m p e titio n  m ethod. However, t h i s  dependency i s  no t so 
s tro n g  in  our system , and in  th e se  p a i r s  b o th  o f  th e  QH's r e a c t .
The second problem  was so lved  by m easuring  th e  c o n c e n tra tio n  o f
QH on ly  in  th e  absence o f  LPO. In  a s o lu t io n  o f  QH in  t e r t - b u t y l -
benzene (tB B ), th e  i n i t i a l  c o n c e n tra tio n  o f  QH ( [QH]^ ) r e l a t i v e  to
th a t  o f tBB ( [tBB].^), which i s  th e  in t e r n a l  s ta n d a rd  as  w e ll  as th e
OHs o lv e n t ,  was m easured by in te g r a t in g  th e  b e n z y lic  peak o f a re a  A? 





When LPO was added to  t h i s  s o lu t io n ,  b o th  [QH]^ and [tBB], were
LPO LPOchanged to  [QH]^ and [tBB]^ . S ince LPO can be co n sid e red  as a
d i lu e n t ,  th e  r a t i o s  o f  th e  c o n c e n tra tio n s  w ith  and w ith o u t LPO a re
e q u a l;
[QH] “ °  [QH] A f
 1 -  1 • (3 .2 )[ t B B ] ^ 0 CtBB^ AtBB •
LPO LPOFrom t h i s  equation ,[Q H ]^  /  [tBB]^ can be c a lc u la te d  even though
i t  i s  no t d i r e c t l y  m easu rab le . A f te r  th e  LPO-QH-tBB s o lu t io n  was h ea ted
a t  81° fo r  10 h r  (10 i n i t i a t o r  h a l f - l i v e s ) ,  th e  a re a  o f  th e  b e n zy lic  
OHpeak (A^ ) was m easured by in te g r a t io n .  T here was no in te r f e r e n c e
from th e  LPO peaks because  e s s e n t i a l l y  a l l  th e  i n i t i a t o r  had
decomposed. The f i n a l  c o n c e n tra t io n  o f  QH ( [QH]^) in  th e  re a c te d
OHs o lu t io n  can be ex p re ssed  in  term s o f  A^ , th e  f i n a l  c o n c e n tra tio n  
o f  tBB ( [tB B ]f  ) ,  and th e  a re a  o f  th e  a ro m atic  peaks (Af  ) ;
[QH], A f
[tB B ]£ AtBB (3-3)
S ince tBB was p re s e n t in  ex cess  and i s  r e l a t i v e l y  u n re a c tiv e  under
th e se  r e a c t io n  c o n d i t io n s , i t s  c o n c e n tra t io n  rem ains c o n s ta n t d u rin g
LPOth e  r e a c t io n ;  [tBB]^ = [tB B ]^. T h e re fo re , th e  f r a c t io n  o f  QH
rem ain ing  in  th e  LPO-QH-tBB s o lu t io n  a t  th e  end o f  th e  r e a c t io n  i s  





In  th e  c o m p e titio n  method o f  d e te rm in in g  r e l a t i v e  r e a c t i v i t i e s ,  t h i s  
r a t i o  e x p re sse s  th e  r e a c t i v i t y  o f  QH.
For a s in g le  k in e t ic  ru n , a s o lu t io n  c o n ta in in g  two re s o lv a b le  
s u b s t i tu te d  to lu e n e s , QH and Q'H, (O.k  M each ) was p repared  in  t e r t -  
b u ty lbenzene  (tB B ). A p o r t io n  o f  t h i s  s o lu t io n  was p laced  in  an 
nmr tu b e . The r e s t  o f  t h i s  s o lu t io n  was added to  an nmr tu b e  con­
ta in in g  a  s u f f i c i e n t  amount o f  LPO to  make th e  r e s u l t in g  s o lu t io n  
0 .6  M i n  t h i s  i n i t i a t o r .  The s o lu t io n s  i n  b o th  tu b es  were su b jec te d  
to  th e  same p ro ced u re ; th ey  were degassed  by s low ly  b u b b lin g  helium  
th ro u g h  a g la s s  c a p i l l a r y  and in to  th e  s o lu t io n s  fo r  2 m in, and th e  
tu b es  were corked and th e n  h ea ted  a t  81° fo r  10 h r . 31 The a re a s  o f 
th e  two b e n z y lic  and th e  a ro m atic  peaks were determ ined  by in te g r a ­
t in g  th e  nmr s p e c tra  o f  th e se  m ix tu re s . The a re a s  from th e  s o lu t io n  
w ith o u t LPO were used to  determ ine  th e  i n i t i a l  c o n c e n tra tio n s  o f  QH 
and Q'H and th e  a re a s  from th e  s o lu t io n  w ith  re a c te d  LPO, th e  f i n a l  
c o n c e n tra tio n s  o f  QH and Q'H.
KINETIC ANALYSIS.
Undecyl r a d ic a l s  (U?) were g en era ted  by th e rm o ly s is  o f  la u ro y l  
pe ro x id e  (LPO) in  a s o lu t io n  c o n ta in in g  two s u b s t i tu te d  to lu e n e s , QH 
and Q'H.
(Cu H23CO>s  - £ - >  2U* + 2C02 ( 3 . 5 )
LPO
A fte r  e scap in g  from th e  cage , U* may a b s t r a c t  a b e n z y lic  hydrogen 
from e i t h e r  o f  th e  to lu e n e s .
k
U* + QH —  ----->  UH + Q* ( 3 . 6 )
k '
U* + Q'H — — > UH + Q’ .
A lthough undecane (UH) may a ls o  be produced by o th e r  r e a c t io n s  such 
as  cage and f r e e  s o lu t io n  d is p ro p o r t io n a t io n ,  th e se  modes o f U* re a c ­
t io n  a re  n o t im p o rtan t because we fo llow ed d isap p ea ran ce  o f  th e  QH's 
r a th e r  th a n  appearance o f  UH.
The method o f co m p etitiv e  d isap p ea ran ce  o f  s u b s t r a te s  assumes 
th a t  th e  r e a c t io n s  o f  eq 3 *6 a re  th e  on ly  ones r e s u l t in g  in  consump­
t io n  o f  QH and Q'H and th a t  th e se  r e a c t io n s  a re  not r e v e r s i b le .  The 
f i r s t  assum ption  w i l l  be d iscu ssed  l a t e r ;  th e  second seems c o r r e c t  
s in c e  th e  re v e rse  r e a c t io n  would be a t  l e a s t  10 k ca l/m o l endotherm ic
[bond d is s o c ia t io n  energy  (BDE) o f  th e  Q-H bond i s  about 85 k ca l/m o le
and th e  BDE's o f  p rim ary  and secondary  C-H bonds a re  98 and 9^*5
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k c a l /m o le ] .32 The r a t i o  o f  th e  r a t e s  o f consum ption of QH and Q'H 
i s  g iven  in  eq 3*7 s in c e  th e  [U»] f a c to r s  c a n c e l.
-d[QH] = k a [QH] , v
-d[Q 'H ] k ' [Q'H] K?' [)3
I n te g r a t in g  eq 3*7 betw een th e  l im i t s  o f  i n i t i a l  and f i n a l  concen­
t r a t i o n s  o f  QH and Q'H and re a rra n g in g  g iv e s  eq 3 -8 , th e  e x p re ss io n  
used in  th e  co m p e titio n  method o f  s u b s t r a te  d isap p ea ran ce  to  d e te r ­
mine th e  r e l a t i v e  r e a c t i v i t y  o f  QH and Q'H.
k log([Q H] / [Q H ] f ° )
_  = ------------- f -------- ( 3 . 8 )
k^ lo g ([Q 'H ] /[Q H ]^ 0 )
O ther r a d ic a l s  b e s id e s  U* which cou ld  a b s t r a c t  b e n z y lic  hyd ro ­
gens from QH and in v a l id a te  th e  f i r s t  assum ption  o f t h i s  k in e t ic  
a n a ly s is  a re  o th e r  b e n z y lic  r a d ic a l s  (Q '*) (eq  3*9) and undecylcarboxy 
r a d ic a ls  (UC02 *) (eq 3*10)*
qi . + QH ------------> q ' h + q . (3.9)
UC02 * +  QH --------> UC02H + Q* (5 .1 0 )
E l i e l  e t  a l . , f in d in g  th a t  th e  reco v ered  r e a c ta n t  from a c e ty l  p erox ide  
decom position  in  o p t i c a l l y  a c t iv e  2 -phenylbu tane  was on ly  s l i g h t ly  
racem ized , s ta t e d  t h a t  th e  " id e n t i t y  re a c t io n "  (eq  3*9) occurs to  
o n ly  a  s l i g h t  e x t e n t .203 W illiam s re p o r te d  th a t  hydrogen a b s t r a c t io n  
from cumene by b en zy l and U -ch lo robenzy l r a d ic a ls  occurs to  on ly  a
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"m inute e x te n t"  and concluded th a t  s in c e  th e  Q' • + QH r e a c t io n  i s  
e n e r g e t ic a l ly  le s s  fa v o ra b le , i t  w i l l  be even le s s  im p o r ta n t.20 5̂ 
T h e re fo re , in  analogous sy stem s, a b s t r a c t io n  by Q '• i s  shown no t 
to  be s ig n i f i c a n t .  The amount o f undecanoic a c id  (UC02H) formed 
du rin g  th e  r e a c t io n  o f 0 .6  M LPO in  0 .8  M to lu e n e  in  benzene was 
analyzed  by vpc and found to  be le s s  th an  0 .0 1  M, le s s  th an  one- 
te n th  o f th e  amount o f  to lu e n e s  consumed. T h e re fo re , a b s t r a c t io n  
by UC02 * i s  not s i g n i f i c a n t  e i t h e r .
U*, th e r e f o r e ,  i s  th e  o n ly  r a d ic a l  which a b s t r a c ts  hydrogen 
from QH. However, th e  nmr method o f a n a ly s is  can n o t d is t in g u is h  
between th i s  r e a c t io n  (eq 3*6) and c e r t a in  o th e r  r e a c t io n s .  I f  a 
r e a c t io n  in v o lv in g  QH y ie ld s  a p roduct whose m ethyl p ro to n s ' chem i­
c a l  s h i f t  i s  d i f f e r e n t  from th e  chem ical s h i f t  o f  th e  b en zy lic  
p ro tons o f QH, t h i s  r e a c t io n  w i l l  be co n sid e red  to  have invo lved  
b e n zy lic  hydrogen a b s t r a c t io n  because th e  a re a  o f  th e  b e n z y lic  peak 
w i l l  be d e c rea se d . R eac tio n s  which m ight cause such a change a re  
l i s t e d  below (eqs ^ . l l - ^ . l ^ )  and d iscu ssed  in  th e  subsequen t p a ra ­
graphs .
A dd ition  o f  a r a d i c a l ,  U*, to  th e  a ro m atic  nuc leus o f QH 
produces cy c lo h ex ad ien y l r a d i c a l s ,  C« (eq  3 . 1 1 ) ,  which can
CH3
U- + QH --------> ( 3 .H )
X
c-
( l )  d is p ro p o r t io n a te  to  form U -s u b s ti tu te d  to lu e n e s  and UH o r
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d is u b s t i tu te d  (u and m ethy l) cy c lohexad ienes (eq  3-12)
U. UH
C- + o r -------->  U-QH + o r (3*12)
C* CH
o r can (2 ) combine to  form cy c lo h ex ad ien y l d im ers o r t r i s u b s t i t u t e d
(U, U and m ethyl) cyc lo h ex ad ien es  (eq 3*13)•
C- C-C
C* + o r --------> o r (3*13)
U- C-U
(1) Form ation o f u n d ecy lto lu en e  (U-QH) was no t fo llow ed d i r e c t l y ;  
how ever, we d id  determ ine  by vpc th a t  decom position  o f  0 .6  M LPO in
a s o lu t io n  o f 0 .8  M to lu e n e  in  benzene (7 -8  M) produced 0.02U M 
undecylbenzene (and 0 .1 9  M undecane, UH). The amount o f  u n decy l­
to lu e n e  produced in  t h i s  r e a c t io n  must be much le s s  th an  th a t  of 
undecylbenzene because th e  r a t i o  o f  to lu e n e  to  benzene c o n c e n tra tio n s  
i s  0 .1  and th e  r a t i o  o f  r a t e  c o n s ta n ts  fo r  U* a d d i t io n  to  th e se  sub­
s t r a t e s  i s  about o n e .23 T h e re fo re , th e  a d d i t io n -e l im in a t io n  r e a c ­
t io n s  (eq 3"11 and 3*12) do n o t consume enough s u b s t i tu te d  to lu e n e s  
to  cause a d ec rea se  in  th e  a re a s  o f  th e  b e n z y lic  p ro to n  peak s .
(2 ) S ince no v in y l ic  p ro to n  peaks (6  5 “6 ppm) were observed  
in  th e  nmr spectrum  o f a benzene s o lu t io n  c o n ta in in g  0 .6  M LPO and
0 .8  M to lu e n e , fo rm atio n  o f  s u b s t i tu te d  cyclohexad ienes (eq 3 *13) 
may not be s i g n i f i c a n t .  However, cyclo h ex ad ien es  may n o t be observed 
because they  may no t be s ta b le  under th e se  r e a c t io n  c o n d itio n s .
C yclohexadienes may be e a s i ly  a ro m a tized , form ing th e  co rrespond ing  
m e th y lb ip h en y ls , by lo s s  o f  th e  e a s i ly  a b s t r a c t i b l e ,  a l l y l i c  hydro ­
g en s. S ince no sm all peaks were observed  in  the  b e n z y lic  re g io n  o f 
t h i s  nmr spectrum , e i t h e r  no m eth y lb ip h en y ls  a re  form ed, o r th e  
chem ical s h i f t  o f  t h e i r  b e n z y lic  p ro to n s  i s  v i r t u a l l y  eq u a l to  th a t  
o f t h e i r  s u b s t i tu te d  to lu e n e  p re c u rs o r s .  T h e re fo re , cyclohexad ienes 
a re  no t formed; m e th y lb ip h en y ls , i f  form ed, would be counted as 
u n reac ted  to lu e n e s  and no t a f f e c t  th e  k in e t i c  a n a ly s is .
With th e se  p o te n t ia l  d i f f i c u l t i e s  e l im in a te d , th e  nmr method 
appears to  be a s u i ta b le  method o f a n a ly s is .
DATA TREATMENT.
The r e l a t i v e  r a t e  c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  from sub­
s t i t u t e d  to lu e n e s  (QH) by th e  undecyl r a d ic a l  were o b ta in ed  by 
s u b s t i t u t in g  eq 3*^ in to  eq 3*8 to  g iv e  eq 3*1^*
S ince a l l  QH's cou ld  no t be analyzed  r e l a t i v e  to  one Q'H, two s ta n ­
dard  r e a c ta n ts  were u sed ; in  system  I ,  Q'H i s  to lu e n e , and in  system  
I I ,  Q'H i s  m eta-c h lo ro to lu e n e . T ab les 3*2 and 3 .3  c o n ta in  th e  a re a s  
o f  th e  b en zy lic  and a ro m atic  peaks and th e  c a lc u la te d  r e l a t i v e  r a te  
c o n s ta n ts  (eq 3.1*0 fo r  system s I  and I I ,  r e s p e c t iv e ly .
The k ' s  in  T ab les 3 .2  and 3*3 can no t be d i r e c t l y  used to  con-
cl




because th e  k ' s  were m easured r e l a t i v e  to  k ' ' s fo r  two d i f f e r e n t  a a
Q'H1s .  In s te a d ,  a Hamnett e q u a tio n  was c a lc u la te d  fo r  each system  
by th e  method o f le a s t  sq u ares  from th e  lo g a rith m s o f the  r e l a t i v e  
r a t e  c o n s ta n ts  ( lo g (k  /k ' V s )  and sigma s u b s t i tu e n t  c o n s ta n ts .
cl H
(The l e a s t  squ ares  an a ly ses  o f th e  s e p a ra te  sy stem s' eq u a tio n s  i s  
g iven  in  T ab les 3«2 and 3*3)• The Hamnett e q u a tio n  fo r  bo th  system s 
i s  th en  o b ta in ed  by s u b tra c t in g  from th e  lo g (k  / k ' ) ' s  o f  each system
3  cl
th e  in te r c e p t  ( lo g (k ° )  ) o f t h e i r  l e a s t  sq u a res  l i n e . 33 Since th e se
cl
s u b tra c t io n s  g iv e  two "new" l in e s  (o f  the  same s lo p e  as  b e fo re )  
whose in te r c e p ts  a re  e q u a l (e q u a l to  z e r o ) ,  th e se  "new" p o in ts
( ct, log  (k  / k ' )  -  lo g (k ° ) ) now d e sc r ib e  a  s in g le  l i n e ,  th e  " o v e ra l l"
s l s l ci
Hammett r e la t io n s h ip .  (The l e a s t  sq u ares  a n a ly s is  o f  t h i s  l in e  i s  
g iven  in  T able 3*1)*
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undecylbenzene formed (0 .024 M) i s  le s s  th an  h a l f  th a t  
formed by th e rm o ly s is  o f 0 .6  M LPO in  n e a t benzene (0 .053  M). 
S h e lto n , in  h is  s tu d y  o f hom olytic  a ro m atic  c y c lo h e x y la tio n , 
r e p o r ts  a  s im ila r  change in  a d d it io n  p roduct ( a ry Ic y c lo h ex - 
ane) y ie ld  when th e  so lv e n t was changed from to lu e n e  to  
benzene; J .  R. S h e lto n  and C. W. U zelm eier, J .  Amer. Chem. 
S o c ., 8 8 , 5222 ( 1966) ,  e s p e c ia l ly  p 5223. (d ) Im p o rtan t 
te rm in a tio n  re a c t io n s  a re  U* com binations to  g iv e  docosane 
and benzy l r a d ic a l  com binations to  form b ib e n z y ls .
22. M. J .  G ib ian  and R. C. C o rley , Chem. Rev. , 73 > (19T3)»
23. P re lim in a ry  s tu d ie s  o f  m ethyl r a d ic a l  a d d it io n  to  s u b s t i tu te d  
benzenes in d ic a te  a p ~  0 and an a b s t r a c t io n  to  a d d i t io n  r a t i o  
f o r  to lu e n e  g r e a te r  th an  t e n .24a O ther s tu d ie s  o f  a d d i t io n /  
a b s t r a c t io n  r a t i o s  have been re p o r te d :  ( l )  P r y o r 's  c o m p ila tio n  
o f  h i s  work24!* and th a t  o f  Szwarc24c fo r  m ethyl r a d ic a l s  p r e d ic ts  
a r e l a t i v e  r e a c t i v i t y  o f  to lu e n e  to  benzene o f  2 :1 .  S ince th e se  
w orkers o b ta in e d  d a ta  a t  d i f f e r e n t  te m p e ra tu re s , t h i s  r a t i o  may 
n o t be v e ry  a c c u ra te . ( 2 ) E l i e l  approxim ates a r a t i o  o f  r a t e
o f  m ethy l r a d ic a l  a b s t r a c t io n  from th e  s id e  c h a in  o f  to lu e n e  
to  r a t e  o f  a b s t r a c t io n  o f  hydrogen from th e  to lu e n e  r in g  o f  
7 -5 *24d ( 3 ) In  W s s tu d y  o f  hom oly tic  a rom atic  cy c lo h ex y la ­
t i o n , 210 S h e lto n  r e p o r ts  th a t  a d d i t io n  to  to lu e n e  i s  a minor
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p ro cess  compared to  a b s t r a c t io n  o f  b e n z y lic  p ro to n s . Thus, 
a lth o u g h  th e  p re c is e  m agnitude o f th e  a d d i t io n /a b s t r a c t io n  r a t i o  
i s  u n c e r ta in ,  i t  i s  e v id e n t th a t  a lk y l  r a d ic a l s  a b s t r a c t  b e n z y lic  
hydrogens in  p re fe re n c e  to  a d d i t io n  to  th e  a ro m atic  r in g .  T here­
f o r e ,  a d d i t io n  occu rs  to  a le s s e r  e x te n t  th an  a b s t r a c t io n  in  our 
system . F u rth erm o re , some a d d i t io n  does no t p rev en t our nmr 
a n a ly s is  from d e te rm in in g  th e  amount o f  to lu e n e  which undergoes 
a b s t r a c t io n .
2k.  (a )  W. A. P ry o r , W. A. D av is , J r . ,  and J .  H. G lea to n , J .  O rg.
Chem. , in  p re s s ;  (b ) W. A. P ry o r , D. L. F u l l e r ,  and J .  P. 
S ta n le y , J .  Amer. Chem. S o c ., gft-, 1632 (1 9 7 2 ); (c )  M. Szwarc 
and J .  H. B inks, " T h e o re t ic a l  O rganic C h em istry ,"  Kekule 
Symposium, 1958, B u tte rw o rth s , London, England, 1958, p 262; (d)
S.H . W ilen and E .L . E l i e l ,  J .  Amer. Chem. S o c ., 80 , 3309 (1958).
25 . The nmr method i s  a ls o  in s e n s i t iv e  to  o th e r  r e a c t io n s  which do
n o t a f f e c t  th e  b e n z y lic  p ro to n  peak such as a b s t r a c t io n  o f
methoxy p ro to n s  from th e  m e th y la n iso le s . These methoxy p ro to n s
a re  abou t as r e a c t iv e  as th e  benzy l p ro to n s . See n o te  2k i n  r e f .  8 .
26 . The r e s u l t s  o f  th e  l e a s t  sq u ares  a n a ly s is  a re  re p o r te d  acco rd in g
to  th e  form at suggested  in  APPENDIX 1; th e  s lo p e  o f th e  l e a s t  
sq u ares  l in e  and i t s  in t e r v a l  e s t im a to r  (u n c e r ta in ty )  a t  th e
95io co n fid en ce  le v e l  a re  b + ( t ) ( s ^ ) ,  th e  average  s tan d a rd  
d e v ia t io n  in  th e  lo g a rith m s o f  th e  r e l a t i v e  r a t e s  i s  s y , and th e  
number o f  p o in ts  i s  n . (The l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  
a ls o  g iv e s :  th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 7 ; th e
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s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0*)-; and th e  c o r r e la t io n  
c o e f f ic ie n t  = 0 . 9 7 •)
27. D ata from d u p l ic a te  k in e t i c  ru n s  fo r  th re e  p a ir s  o f  s u b s t i tu te d  
to lu e n e s  (m-MeO vs. m -C l, £-Me vs m -C l, and £-F  vs H) were used 
to  c a lc u la te  s .
y
28. R. W. Henderson and R. D. Ward, J r . ,  J .  Amer. Chem. Soc. . ^ 6., 
7556 (197*0- H enderson r e p o r ts  h is  l e a s t  squ ares  d a ta  in  the  
form b + s ^ ;  p = 0 .^ 7  + 0 .07  ( r  = 0 .9 2 , 10 p o in t s ) .  S ince th e  
r e s u l t s  o f  r e p l i c a t e  an a ly se s  were n o t g iv en , s^  can no t be 
c a lc u la te d .
2 9 . M. T. T r ib b le  and J .  G. Traynham, "L in ea r C o rre la tio n s  o f
1 19 13S u b s ti tu e n t  E f fe c ts  i n  H, ^F , and •'C N uclear M agnetic
Resonance S p ec tro sco p y ,"  in  "Advances in  L in ea r F ree  Energy
R e la t io n s h ip s ,"  N. B. Chapman and J .  S h o r te r ,  E d s ., Plenum,
London, England, 1972, pp 1*1-3-201.
3 0 . S ince [tBB] i s  about te n  tim es [QH]^, th e  a ro m atic  p ro to n  peaks 
in  th e  nmr spectrum  a re  p red o m in a te ly  due to  tB B 's arom atic  
p ro to n s .
3 1 . S ince t h i s  i s  a  common method o f  d eg ass in g  s o lu t io n s ,  th e
e f f e c t s  o f  oxygen o f th e  system  were no t in v e s t ig a te d .  N e ith e r
QH nor tBB was d i s t i l l e d  from th e  corked tube  because fo r  a
OH tBBs o lu t io n  c o n ta in in g  on ly  QH in  tBB (no i n i t i a t o r ) ,  A /A 
m easured b e fo re  h e a tin g  d id  no t change a f t e r  h e a tin g  a t  81°  fo r  
10 h r .
32 . S. W. Benson, J .  Chem. E duc. k 2 , 502 ( I 965) .
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3 3 * In  o rd e r  to  o b ta in  a s in g le  l in e  from th e  two l in e s  o f  th e
s e p a ra te  system s, one p o in t on each  l in e  must be fo rced  to  be
the  same. T his r e s u l t  cou ld  be ach ieved  by fo rc in g  th e  lo g (k Q) fo r  a
s u b s t i tu te d  to lu e n e  in  one system  to  eq u a l th e  v a lu e  o f  lo g (k  )
SL
c a lc u la te d  from th e  l e a s t  sq u ares  l in e  o f  th e  o th e r  system . This 
tre a tm e n t, however, p la ce s  too  much dependence on th e  experim en­
t a l  v a lu e  o f t h i s  one lo g (k  ) .  The advantage o f  th e  in te r c e p t
a
method i s  th a t  a l l  lo g (k  ) ' s  a re  used to  d e term ine  the  value
S l
o f lo g (k ° ) ,  th e  p o in t which i s  fo rced  to  be th e  same, in s te a d  
o f  j u s t  one.
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Table 3 -2 . R e la tiv e  r a t e  c o n s ta n ts  (kX/ k ' ) fo r  hydrogen a b s t r a c t io n3 3
from s u b s t i tu te d  to lu e n e s  (xQH) v e rsu s  to lu e n e  (Q'H) by th e  undecyl 
r a d ic a l  a t  81°.
X (kx /k ; ) a Af AxQ«bX
Q'Hb





m-CN 1 .96 83 128 85 120 174 224
m-BR 1 .64c ,d 113 116 111 104 198 242
m-F 1 . 5s 69 92 110 128 185 221
£-C l 1.2o 87 118 97 129 156 188
£-F 1 .24C’e ’ f 69 80 100 112 181 225
£-F 1 . 2 / 58 98 59 94 199 243
H ( 1) - - - - -
From th e se  d a ta ,  p = 0 .5  + 0 .2 ;  s^  = 0 .0 1 ; 6 p o in ts .®
(The l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  g iv e s : 
th e  l e a s t  sq u ares  l in e  i s  lo g (k X/k ° )  — 0 .4 9 a  +  0 .0 2 ; 
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 7 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 4 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = O.9 6 . )
(a ) A lthough kX/k ' v a lu es  a re  re p o r te d  to  th re e  s ig n i f i c a n t  f ig u r e s ,3 3
th e  q u a n ti ty  which i s  used in  f u r th e r  c a lc u la t io n s ,  lo g (k X/k * )3 3
i s  known on ly  to  two s ig n i f i c a n t  f ig u r e s .
(b ) Aj i s  th e  a re a  o f  th e  peak o f compound Y in  th e  nmr spectrum  o f  
th e  r e a c t io n  m ix tu re  in te g ra te d  e i t h e r  b e fo re  ( j  =* i )  o r  a f t e r
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( j  = f )  r e a c t io n .  (See DATA TREATMENT.)
(c )  S ince th e  b e n zy lic  peaks o f  th e  re a c te d  LPO s o lu tio n  were
in te g ra te d  a t  one in te g r a l  am plitude ( i^ )  and th e  b e n zy lic
peaks o f th e  s o lu t io n  w ith o u t LPO were m easured a t  an o th er
in te g r a l  am plitude ( l ^ ) ,  A ^ /A ?^  and A  ̂ **/A? ^  should be
m u lt ip l ie d  by I . / I _  in  eq 3 .1 k  to  c a lc u la te  k / k ' .i f  a a
(d) I  / I f  = 0 .6 6 .
(e )  I . / I f  = 0 .78
( f )  The average  o f th e  log(k^- **/k ') v a lu es  r a th e r  th an  th e  two
3 3
p p
i o g ( k f / k ; ) * s  was used in  th e  l e a s t  sq u ares  a n a ly s i s .
(g ) See r e f  26 .
1




T able 3 *3* R e la tiv e  r a t e  c o n s ta n ts  (kx / k / ) fo r  hydrogen a b s t r a c t io n8 8
from s u b s t i tu te d  to lu e n e s  (xQH) v e rsu s  m eta-c h lo ro to iu e n e  (Q'H) by 
th e  undecyl r a d ic a l  a t  8 1 ° .













m-Cl t o • - - - «.
m-MeO 0 .8 2 83 108 87 115 179 217
m-Me 0 .6 l b 122 163 58 76 155 186
p-Me 0 .5 0 b>° 107 158 57 &*■ 170 211
p-Me 0 A 8 C 101 132 51 67 15U 181
p-t-B u 0.57 8*4- 110 96 133 172 209
p-MeO 0 . 51° 72 99 87 129 170 220
p-MeO 0 .k3c 86 109 82 111 180 217
From th e se  d a ta ,  p = 0 .5  + 0 .2 ;  s^  = 0 .0 k ; 6 p o in ts .^
(The l e a s t  squares a n a ly s is  o f  th e se  d a ta  g iv e s :
th e  l e a s t  squares l in e  i s  lo g (k X/k ° )  = O.^ka  -  0 .1 8 ;8 8
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 . 0 7 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .04 '; 
th e  c o r r e la t io n  c o e f f ic ie n t  = 0 .9 7 * )
Y
(a )  Aj i s  th e  a re a  o f  th e  peak o f  compound y in  th e  nmr spectrum  o f  
th e  r e a c t io n  m ix tu re  in te g ra te d  e i t h e r  b e fo re  ( j  = i )  o r a f t e r  
( j  = f )  r e a c t io n .  (See DATA TREATMENT.)
99
(b ) The v a lu es  fo r  th e  x y len es  were s t a t i s t i c a l l y  c o rre c te d
by a f a c to r  o f  2 .
(c )  For x = p-Me and p-MeO, th e  average o f  th e  lo g (k * /k / ) v a lu es
»  a fl
r a th e r  th a n  th e  two log (kx / k , ) ' s  was used in  th e  l e a s t  squaresSL fl
a n a ly s i s .
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CHAPTER 4
POLAR EFFECTS IN RADICAL REACTIONS. ABSTRACTION 
OF IODINE FROM SUBSTITUTED IODOBENZENES 
BY PARA-NITROPHENYL RADICALS
For over tw enty  y e a rs  the  r e s u l t s  o f  Hammett e q u a tio n  s tu d ie s  o f  
atom a b s tr a c t io n s  from s u b s t i tu te d  benzenes and to lu e n e s  by r a d ic a l s  
have been in te r p r e te d  s o le ly  in  term s o f  s u b s t i tu e n t  e f f e c t s  on th e  
t r a n s i t i o n  s t a t e  (PETS).1 However, e f f e c t s  on th e  ground s t a t e  (GS) 
should  a ls o  be c o n s id e re d .2 S u b s ti tu e n ts  may s t a b i l i z e  o r d e s t a b i l i z e  
th e  GS (and th e reb y  a f f e c t  th e  r a t e  o f  r e a c t io n )  by p o la r  e f f e c t s  on 
th e  ground s t a t e  (PEGS) as  w e ll as a f f e c t in g  th e  s t a b i l i t y  o f  th e  
t r a n s i t i o n  s t a t e  (T S ).3 PEGS have been  igno red  in  th e se  re a c t io n s  
because th e  ground s t a t e  has been co n sid e red  to  be le s s  p o la r iz a b le  
th an  th e  t r a n s i t i o n  s t a t e 2 and because most ex p e rim en ta l r e s u l t s  
could  be r a t io n a l iz e d  s o le ly  in  term s o f  PETS.1
We f e e l  th a t  b o th  PETS and PEGS should  be c o n sid e red  in  a l l  
th e se  atom a b s t r a c t io n  r e a c t io n s ,4 and c o n s id e ra t io n  o f  bo th  i s  
re q u ire d  to  in t e r p r e t  th e  r e s u l t s  o f  some Hammett e q u a tio n  s tu d ie s .  
For exam ple, th e  rho  v a lu e  fo r  a b s t r a c t io n  o f  io d in e  from s u b s t i tu te d  
iodobenzenes (eq 4 . 1) i s  -KD.57*5
Ph. + A rl ------ > Phi + Ar- (4 . 1)
T his r e s u l t  must be in te r p r e te d  as  PEGS because i t  i s  n o t re a so n a b le  
to  suppose th a t  PETS a lone  cou ld  produce a  l in e a r  Hamnett e q u a tio n  
f o r  a r e a c t io n  in  which th e  charge d ip o le s  o f th e  T S 's  fo r  th e
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v a rio u s  s u b s t i tu te d  compounds v a ry  in  s ig n  ( d i r e c t io n )  as w e ll as  
m agn itude .
The PETS th e o ry  views th e  TS o f  t h i s  r e a c t io n  in  term s o f  th e
resonance s t r u c tu r e s  shown in  eq 4 . 2 . 6
[Ph* I  -Ar <----> Ph" i  +Ar <----> Ph+ I  ?Ar] (4 .2 )
1 2  1
When Ar = Ph, t h i s  TS m ust be sym m etrical w ith  th e  c o n tr ib u t io n  from 
2 eq u a l to  th e  c o n tr ib u t io n  from 1 , i , . e . , no n e t c o n tr ib u t io n  from 2 
and 2.. However, in  io d in e  a b s t r a c t io n  from MeO-C6H4 - I  by phenyl 
r a d i c a l s ,  th e  TS would be p re d ic te d  to  be unsym m etrical—more 2 - l ik e  
th a n  1 - l i k e —w ith  a p a r t i a l  n e g a tiv e  charge on th e  Ph r a d i c a l .  The 
TS fo r  a t ta c k  on NO2C0H4I  would a ls o  be unsynanetrica l b u t in  th e  
o p p o s ite  d i r e c t io n ;  resonance  s t r u c tu r e  1  would be more im p o rtan t 
th a n  2 and th e  phenyl m oiety  would have a p a r t i a l  p o s i t iv e  ch arg e .
I f  t h i s  d e s c r ip t io n  based  s o le ly  on PETS were c o r r e c t ,  a V-shaped 
( r a th e r  th a n  l in e a r )  Hammett p lo t  would be expec ted  because  e le c t r o n -  
d o n a tin g  s u b s t i tu e n ts  would s t a b i l i z e  a TS d e sc r ib e d  by 1  and 2 and 
e le c tro n -w ith d ra w in g  s u b s t i tu e n ts  would s t a b i l i z e  a TS d e sc r ib e d  by 
1  and 1 .
C le a r ly ,  th e  norm al PETS view  o f t h i s  TS i s  in a c c u ra te .  In s te a d , 
we propose th e  d e s c r ip t io n  shown in  eq 4 . 3 .7
[Ph. I  *AR <— > Ph66+ I  6firfA r] (4 .3 )
The advan tages o f  t h i s  d e s c r ip t io n  a re  th a t  i t  h as  a sym m etrical
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charge d i s t r i b u t io n  (a s  i t  m ust) when Ar = Ph,and i t  p re d ic ts  a l in e a r  
Hammett c o r r e la t io n .  However, c o n s id e rin g  t h i s  improved view o f the  
TS, an argument based s o le ly  on PETS would p re d ic t  a n eg a tiv e  rh o .
The observed  p o s i t iv e  rho  could  be ex p la in ed  i f  th e re  were p a r t i a l  
n eg a tiv e  charges on th e  Ph and Ar and a p a r t i a l  p o s i t iv e  charge on 
th e  I  o f  eq 4 .3 ;  th e  r e l a t i v e  e le c t r o n  a f f i n i t i e s  (EA) of th ese  
sp e c ie s  [EA(Ph-) = 1 .2 - 1 .6s  o r 2 .3 10eV and E A (l-) = 3 .O6 3 ,11 3 .4 1 ,12 
o r 3-249eV] p rec lu d e  th i s  p o s s i b i l i t y .
T h e re fo re , we must invoke the  PEGS p a r t  o f  our PETS-PEGS hypo­
th e s i s  to  r a t io n a l i z e  th e  observed p o s i t iv e  rh o .4 »13 We assume th a t  
e le c tro n -d o n a tin g  s u b s t i tu e n ts  s tre n g th e n  the  C-I bond and s t a b i l i z e
th e  ground s t a t e  (perhaps by s t a b i l i z i n g  the  d ip o la r  resonance s t r u c -  
+  -tu r e  [Ar I  <---- > A r l] )  more th an  they  s t a b i l i z e  the  charge se p a ra ­
te d  resonance  s t r u c tu r e  o f  th e  TS (eq 4 . 3 ) . 14 In  th i s  r e a c t io n ,  th e re  
may be more charge developm ent on th e  carbon to  which th e  io d in e  i s  
bonded in  the  GS th an  in  th e  TS (c o n tra ry  to  th e  more common, oppo­
s i t e  s i tu a t io n )  because in  th e  TS th e  p o s i t iv e  charge i s  d isp e rse d  
over two c e n te r s .  T h e re fo re , th e  GS may be more s u s c e p tib le  to  
th e  p e r tu rb in g  e f f e c t s  o f s u b s t i tu e n ts  th an  the  TS. Our p re d ic t io n  
o f the  e f f e c t s  o f s u b s t i tu e n ts  on th e  r e l a t i v e  e n e rg ie s  o f th e  GS 
and TS i s  shown in  th e  fo llo w in g  diagram .
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e -d o n a tin g  e -w ithdraw ing
s u b s t i tu e n ts  H s u b s t i tu e n ts
a
GS ---------------
The o rd e r o f the  a c t iv a t io n  e n e rg ie s  (E^ > > EW) e x p la in s  the
3 3 3
p o s i t iv e  rho observed .
Although we f e e l  th e  ev idence su p p o rtin g  our co n c lu s io n  th a t  
PEGS a re  im p o rtan t in  t h i s  r e a c t io n  i s  com pelling , we have no d i r e c t  
ev idence o f  the  d i r e c t io n  o r m agnitude o f  s u b s t i tu e n t  e f f e c t s  on bond 
d is s o c ia t io n  e n e rg ie s  (BDE). BDE1 s o f s u b s t i tu te d  brom obenzenes, 
which should be p ro p o r tio n a l to  BDE's o f  th e  co rrespond ing  A r l 's ,  
have been m easured. Szwarc and W illiam s o b ta in ed  th e se  BDE's by 
m easuring th e  r a t e  o f  fo rm atio n  of hydrogen bromide produced by 
p y ro ly s is  o f  s u b s t i tu te d  bromobenzenes in  to lu e n e . 15 There i s  no 
ap p aren t c o n s is te n t  e f f e c t  o f  s u b s t i tu e n ts  on th e se  bonds ex cep t th a t  
o r th o - s u b s t i tu te d  phenyl-B r bonds a re  g e n e ra l ly  s tro n g e r  th an  meta 
and m eta th an  p a ra . However, th e  d i f f e r e n c e s  in  BDE's between 
s u b s t i tu te d  bromobenzenes and bromobenzene re p o r te d  by Szwarc a re  
sm all (g e n e ra l ly  le s s  th a n  1 k ca l/m o le ) and, th e r e f o r e ,  p robab ly  
u n r e l ia b le . 16
-  Ew ( b . k )
E,H
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In  th i s  c h a p te r  we w i l l  n o t p re se n t fu r th e r  d i r e c t  ev idence o f 
th e  e x is te n c e  o f PEGS; r a th e r  we w i l l  r e p o r t  th e  r e s u l t s  o f  our s tudy  
o f io d in e  a b s t r a c t io n  from s u b s t i tu te d  iodobenzenes by p a ra - n i t r o -  
phenyl r a d ic a ls  (pNP-) and d is c u s s  th e se  r e s u l t s  in  term s o f PETS- 
PEGS in te r a c t io n s .
In  a system  analogous to  Danen1s , 5 pNP- were o b ta in ed  by therm o­
ly s i s  o f  l -n i tro -4 -( tr ip h e n y lm e th y la z o )b e n * e n e  (NAT) a t  60° fo r  16 h r  in  
a m ix tu re  o f  a s u b s t i tu te d  iodobenzene (A rl)  and carbon te t r a c h lo r id e .  
V alues o f  fo r  a b s t r a c t io n  o f io d in e  from A rl by pNP- (eq  4 .5 )  
r e l a t i v e  to  fo r  a b s t r a c t io n  o f  c h lo r in e  from CC14 (eq 4 .6 )  were 
determ ined  by m easuring by vpc th e  y ie ld s  o f  p a ra -n itro io d o b en zen e  
(pNPl) and p a ra -n itro ch lo ro b en z e n e  (pNPCl) produced from v a rio u s  
[A rl]/[C C l4 ] r a t i o s  (eq  4 .7 ) .
kTpNP- + Arl — -— > pNPI + Ar- (4 .5 )
kClpNP- + CC14 ~ v- ■ >  pNPCl + -CC13 (4 .6 )
k j  [p N P I ]  [C C U ]
kc l  [pNPCl] [A rl] (4 .7 )
Our k in e t ic  a n a ly s is  assum es, in  a d d it io n  to  th e  u su a l s te a d y - 
s t a t e  assu m p tio n s , th a t  th e se  r e a c t io n s ,  eq 4 .5  and 4 .6 ,  a re  th e  only  
s ig n i f i c a n t  p ro cesses  le ad in g  to  fo rm atio n  o f pNPI and pNPCl, and 
th a t  pNPI and pNPCl once formed a re  no t consumed. The on ly  o th e r  
l ik e ly  source  o f  pNPI i s  a d d i t io n  o f  pNP- to  the  arom atic  r in g  o f
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A rl fo llow ed by io d in e  a b s t r a c t io n  from th e  s u b s t i tu te d  cyclohexa- 
d ie n y l r a d ic a l  by pNP* . S ince we found no n i tro p h e n y la t io n  p ro ­
d u c t , 17*18 and s in c e  Danen re p o rte d  th a t  p h e n y la tio n  o f A rl was 
in s ig n i f i c a n t  in  h is  system , 5 we conclude th a t  eq 4 .5  i s  th e  only  
im p o rtan t source o f  pNPI. I t  seems u n lik e ly  th a t  pNPCl r e s u l t s  from 
any o th e r  r e a c t io n  th a n  eq 4 .6  because h ex ac h lo ro e th a n e , the  most 
l ik e ly  c h lo r in e  donor o th e r  th an  CC14 , i s  n o t produced in  s u f f i c i e n t  
c o n c e n tra tio n  and i s  not r e a c t iv e  enough to  make a s ig n i f i c a n t  c o n t r i ­
b u tio n  to  pNPCl fo rm a tio n . 19 Once form ed, pNPCl i s  s ta b le  toward 
a t ta c k  by phenyl r a d i c a l s ;20 however, th e  re v e rse  r e a c t io n  o f  eq 4 .5  
i s  p o s s ib le .  The s u b s t r a te s  a re  p re s e n t in  s u f f i c i e n t  ex cess  r e l a ­
t iv e  to  th e  NAT ( a t  l e a s t  10 fo ld  fo r  A rl and 40 fo ld  fo r  CC14 ) t h a t  
t h i s  re v e rse  r e a c t io n  i s  u n lik e ly  because th e  p rim ary  f a te  o f  Ar* 
w i l l  be a b s t r a c t io n  o f c h lo r in e  from CCI4 . The c o n s is te n c y  o f 
k j / k c i  as [CCl4 ] / [ A r l ]  i s  v a r ie d  in  th e  in d iv id u a l  ru n s  (T able  4 .1 )  
a lso  su p p o rts  t h i s  co n c lu s io n  th a t  pNPI i s  no t d e s tro y e d .
A Hammett ap c o r r e la t io n  o f  our d a ta  a t  60° (T ab le  4 .1  and 
F ig . 4 .1 )  g iv e s : m eta s u b s t i tu e n ts  o n ly , p = 0 .0  + 0 .2 ;  s^  = 0 .0 5 ;
4 p o in ts ;  meta and para  s u b s t i t u e n ts ,  p = 0 .1  + 0 . 2 ; s^  = 0 .0 5 ;
10 p o in t s . 21 S ince th e  p a ra - s u b s t i tu te d  iodobenzenes a r e ,  in  g e n e ra l , 
le s s  r e a c t iv e  th a n  th e  meta d e r iv a t iv e s ,  th e  f i t  o f a l l  th e  p o in ts  to  
th e  l e a s t  sq u ares  l in e  i s  not good. In s te a d ,  th e re  appear to  be two 
n e a r ly  p a r a l l e l  l in e s  in  F ig . 4 .1 ,  one fo r  th e  m eta- s u b s t i tu te d  
compounds and one fo r  th e  p a ra . Danen a ls o  noted t h i s  d if f e r e n c e  in  
r e a c t i v i t y  o f m eta- and p a ra - s u b s t i tu te d  iodobenzenes in  h is  s tudy
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T able  4 .1 .  R e la tiv e  r a t e  c o n s ta n ts  ( k ^ / k ^ )  fo r  io d in e  a b s t r a c t io n  
from s u b s t i tu te d  iodobenzenes (xA rl) by th e  p a ra -n itro p h e n y l r a d ic a l  
a t  60° . a
x [NAT]b






10.0 3 .12 35-5
p-MeO 0 .05 14.29 2 .36 38 .3 36 + 2
20 .0 1.54 35 .0
0 .2 4 .95 9 .69 5 4 .6
p-Me 0 .05 10.4 4 .6 2 54.7 5 4 .6  + 0 .1
20.8 2 .31 5 4 .6
0 .2 6 .7 6 .58 50 .1
m-Me 0 .05 13.4 4 .0 1 61 .0 ’ 60 + 10
26 .8 2.43 7 4 .1
5-0 6 .84 38 .9
10.0 3 .52 4 0 .1
p-Ph 0 .05
14.29 2 .53 4 1 .2
4o .o  + 0 .9
20 .0 1.76 4 0 .0
11 .6 4 .3 3 57.5
H 0 .05 16.6 3.07 5 8 .2 5 7 .3  + 0 .9
23 .2 2 .12 56 .3
11.9 3-75 5 0 .6
p-F 0 .05 17.0 2 .43 4 6 .9 48 + 2
23 .8 1-73 4 6 .8
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0 .2 5 .0 8 .7 6 4 9 .8
10.0 4 .3 1 4 9 .1
p-Br 0 .05
14.29 2 .76 4 4 .9
20 .0 1.98 4 5 .1
0 .2 5 .9 8 .9 8 6 0 .6
11.8 4 .7 8 64.4
m-F 0 .05 16.9 3 .24 62 .4
23 .6 2 .41 65 .1
15.1 3 .64 62 .6
m-CF3 0 .05 2 1 .6 2 .4 2 5 9 .6
3 0 .2 1.78 61 .3
15.1 2 .82 4 8 .5
£-CF3 0 .05 2 1 .6 2 .0 2 4 9 .7
3 0 .2 1.3T 4 7 .2
From th e s e  d a ta ,  p = 0 .1  + 0 .2 ;  s^  = 0 .0 3 ; 
(The l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  g iv es  
th e  l e a s t  sq u ares  l in e  i s  lo g (k [ /k c ^) = 0 . 13a  +




th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  « 0 .1 0 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 8 ; 
th e  c o r r e l a t io n  c o e f f i c i e n t  = 0 . 4 l . )
(a )  R ate c o n s ta n ts  fo r  io d in e  a b s t r a c t io n  ( k j )  were measured 
r e l a t i v e  to  r a t e  c o n s ta n ts  fo r  c h lo r in e  a b s t r a c t io n  from 
c c i i  (kc l ) .
(b ) M olar c o n c e n tra t io n  o f  l -n i tro -4 -( tr ip h e n y lm e th y la z o )b e n z e n e .
(c )  R a tio  o f  th e  a re a s  o f  th e  p a ra -io d o n itro b en zen e  peak (Apjjpj) 
to  th e  a re a  o f  th e  p a ra -c h lo ro n itro b en z e n e  peak
o b ta in e d  by vpc .
(d ) T his r a t i o  o f  a re a s  i s  c o r re c te d  by a resp o n se  f a c to r  to  g ive 
th e  r a t i o  o f  c o n c e n tra tio n s  used to  c a lc u la te  k j / k ^  by
eq 4 ,7 .  (See DATA TREATMENT.)
Average + one s tan d a rd  d e v ia t io n .
( f )  See r e f  21.
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o f io d in e  a b s t r a c t io n  by phenyl r a d i c a l s . 5 He o f fe re d  two p o s s ib le  
e x p la n a tio n s : p a ra  s u b s t i tu e n ts  may e i t h e r  s tre n g th e n  the  C -I bond
in  th e  GS, o r th ey  may. s t a b i l i z e  t h i s  bond in  th e  "presumed pheny l-
a ry lio d in e  in te rm e d ia te "  (A r-I-P h ) more th an  i s  accounted  fo r  by 
sigma v a lu e s . D anen's second p ro p o sa l seems u n l ik e ly ,  however, 
because i t  i s  d o u b tfu l th a t  t h i s  in te rm e d ia te  i s  ev er formed; t h i s  ab­
s t r a c t i o n  i s  p robably  j u s t  a one s te p  r e a c t io n .  We endorse  D anen 's f i r s t  
e x p la n a tio n  and c o n s id e r t h i s  d if f e r e n c e  i n  r e a c t i v i t y  to  be an o th er 
m a n ife s ta t io n  o f  PEGS. 22
The zero  rho v a lu e  o f t h i s  pNP* r e a c t io n  (eq  4 .5 )  i s  ev idence  o f  
th e  in te rp la y  between PETS and PEGS which i s  invo lved  in  t h i s  system  
as opposed to  th e  e s s e n t i a l l y  pure PEGS e f f e c t  in  the  Ph* r e a c t io n  
(eq 4 .1 ) .  S ince th e  pNP* i s  more e l e c t r o p h i l i c  th an  the  P h* ,18*3’23 
th e re  i s  more charge developm ent in  th e  TS o f eq 4 .5  th an  in  the  TS 
o f eq 4 .1 .  The TS o f th e  pNP‘ r e a c t io n  has a la r g e r  p a r t i a l  p o s i­
t iv e  charge on the  Ar group which can be s t a b i l i z e d  by e le c t r o n -  
d o n a tin g  s u b s t i tu e n ts  th an  e x i s t s  on th e  Ar group in  th e  TS o f  the  
Ph* r e a c t io n .  T h e re fo re , PETS a re  more im p o rtan t in  f i r s t  r e a c t io n  
th an  in  th e  second. PETS a re  so much more im p o rtan t in  th e  pNP* 
system  th a t  th ey  a re  e q u a lly  as im p o rtan t as PEGS (which a re  th e  
same in  bo th  th e  Ph* and pNP* system s) in  d e te rm in in g  th e  r a t e  o f  
r e a c t io n .  T his e q u a l i ty  o f  PETS and PEGS means t h a t  e le c t r o n -  
d o n a tin g  s u b s t i tu e n ts  s t a b i l i z e  th e  GS about as much as th ey  
s t a b i l i z e  th e  TS in  eq 4 .5  and th a t  in  eq 4 .4 ,  E 2: E^ =: E^.
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Iodobenzenes ( A r l ) . The l iq u id  iodobenzenes (m-Me- , £ -F - ,  E-F-» 
m-CF3 7 and £-CF3-iodobenzenes and iodobenzene i t s e l f )  were washed 
w ith  a 10$ aqueous s o lu t io n  o f sodium th io s u l f a t e  to  remove any 
d is so lv e d  I 2 , d r ie d  w ith  anhydrous magnesium s u l f a t e ,  and vacuum 
d i s t i l l e d .  The s o l id  iodobenzenes (j>-MeO-, £-M e-, £ -P h - , and £ -B r- io d o - 
benzenes) were r e c r y s t a l l i z e d  from e th a n o l and d r ie d  under vacuum.
A ll th e  iodobenzenes were s to re d  under r e f r i g e r a t i o n  in  the  d a rk .
Carbon T e tr a c h lo r id e . MCB C hrom atoquality  carbon  te t r a c h lo r id e  
was used as re c e iv e d .
l-N itro -4 -( tr ip h e n y lm e th y la z o )b e n z e n e  (NAT). T h is azo i n i t i a t o r  
was p rep ared  by th e  method o f Cohen, Cohen, and Wang. 24 A fte r 13 8 (0.0U6 
mole) o f  tr ip h e n y lm e th y l c h lo r id e  was added w ith  s t i r r i n g  to  10 g 
(0 .07  m ole) o f  p a ra -n itro p h e n v lh y d ra z in e  in  ^00 ml e th e r ,  th e  m ix tu re  
was re f lu x e d  fo r  1 ,5  h r .  A "muddy" p r e c ip i t a t e  formed d u rin g  r e f lu x  
and absorbed m ost o f  th e  p ro d u c t. T h e re fo re , in  o rd e r to  g e t 
re a so n a b le  y ie ld s  o f  N - tr ip h e n y lm e th y l-N '-p a ra -n itro p h e n v lh y d ra z in e  
(TUH) th i s  "mud" was s e p a ra te d  from th e  e th e r  and re p e a te d ly  
washed w ith  h o t d ich lo ro m eth an e . These w ashings were combined w ith  
th e  e th e r  la y e r  and c o n ce n tra te d  on a r o ta to r y  e v a p o ra to r . W ith the  
a d d it io n  o f  m ethano l, th e  TNH p r e c ip i ta te d  o u t .  R e c r y s ta l l iz a t io n  
from m ethanol gave 10 . k g (0 .0 2 6  m ole, 57$) TNH, mp 189-190° w ith  
decom postion ( l i t .  mp 189~191° 24) •
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A fte r  k g (0 .010  m ole) o f TNH, 8 ml o f  is o p e n ty l n i t r a t e ,  and 
3 ml o f a c e ty l  c h lo r id e  was added to  UOO ml o f  e th e r ,  th e  s o lu t io n  
was s t i r r e d  fo r  1 h r  a t  room te m p e ra tu re . The r e s u l t a n t  s o lu t io n  
was c o n ce n tra te d  on a r o ta to r y  ev ap o ra to r and cooled to  y ie ld  
c r y s ta l s  which were c o l le c te d  and th en  d is so lv e d  in  the  minimum 
amount o f  d ich lorom ethane a t  room te m p e ra tu re . P etro leum  e th e r  
was added u n t i l  th e  s o lu t io n  became c loudy . T his s o lu t io n ,  s to re d  
in  th e  r e f r i g e r a t o r  o v e rn ig h t, y ie ld e d  3 -2  g (0 .0 0 8  mole) o f NAT, 
mp 120- 121° w ith  decom position  ( l i t .  mp 119° 24) .
PROCEDURES FOR KINETIC RUNS.
For a s in g le  k in e t ic  run  fo r  one s u b s t i tu te d  iodobenzene ( A r l ) ,  
r e a c t io n  s o lu t io n s  o f  th re e  o r fo u r d i f f e r e n t  A rl to  CC14 r a t i o s  
were p repared  by adding A rl and NAT to  CC14 . (The [CCl4 ] / [ A r l ]  
r a t i o  v a r ie d  from 5 to  30» c o n c e n tra tio n  o f  NAT in  s o lu t io n s  w ith  
t h i s  r a t i o  le s s  th an  10 was 0 .2  M, and th e  o th e r  s o lu t io n s  were
0 .05  M NAT.) A fte r  th e  r e a c t io n  m ix tu res  were p laced  in  sample tu b es  
and degassed  by fo u r freeze-pum p-thaw  c y c le s ,  th e  tu b es  were s e a le d . 
The s o lu t io n s  were h ea ted  in  an o i l  b a th  a t  60°  fo r  16 h r  (10 i n i t i a ­
to r  h a l f - 1  i \ e s 25) . The r a t i o  o f  p a ra -io d o n itro b e n ze n e  (pNPl) to  p a ra - 
c h lo ro n itro b en z en e  (pNPCl) in  th e  re a c te d  s o lu t io n  was determ ined  by 
vpc from th e  r a t i o  o f  t h e i r  peak a r e a s .  A ll vpc a n a ly se s  were 
perform ed on a V arian  11j40 flam e io n iz a t io n  gas chrom atograph u sin g  
a 10 f t  x 2 mm g la s s  column o f 10$ 0V-1 on 100/120 Chromosorb 
W AW-DMCS. A S p ec tro -P h y sic s  System I  com puting in te g r a to r  was used 
to  measure th e  r e le v a n t  peak a re a s .
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KINETIC ANALYSIS.
p a ra -N itro p h en y l r a d ic a ls  (pNP-) were g en e ra ted  by th e  th e rm o ly ­
s i s  o f  l -n i tro -4 -( tr ip h e n y lm e th y la z o )b e n z e n e  (NAT) in  a s o lu t io n  o f  a 
s u b s t i tu te d  iodobenzene (A rl) and carbon t e t r a c h l o r id e .
A fte r  e scap in g  from th e  cage , th e  pNP- may e i t h e r  a b s t r a c t  an io d in e  
from Arl (eq  4 .5 )  to  produce p a ra -io d o n itro b en zen e  (pNPl) o r a b s t r a c t  
a c h lo r in e  from CC14 (eq 4 .6 )  to  g ive  p a ra -c h lo ro n itro b e n z e n e  (pNPCl). 
I f  th e se  a re  th e  on ly  r e a c t io n s  producing  pNPI and pNPCl and i f  th e se  
p ro d u c ts  a re  n o t consumed i n  subsequen t r e a c t io n s ,  th e n  th e  r e l a t i v e  
r a t e  o f  t h e i r  fo rm atio n  i s  g iv en  by eq 4 .9 -
There a re  s e v e ra l  r e a c t io n s  which could  in v a l id a te  our k in e t i c  
a n a ly s is ,  ( l )  and (2 ) pNPI and pNPCl could  be formed by r e a c t io n s  
o th e r  th an  th o se  shown in  eqs 4 .5  and 4 .6 .  ( 5 ) and (4 ) These p ro d u c ts
cou ld  be d e s tro y e d , ( l )  pNPI cou ld  be produced by n i tro p h e n y la t io n  
o f  A rl fo llow ed  by io d in e  a b s t r a c t io n  from th e  s u b s t i tu te d  cy c lo h ex a- 
d ie n y l r a d ic a l  by pNP* (e q . 4 .1 0 ) .
NAT A •> pNP- + N2 + Ph3C* 0+.8)
d [pNPCl] “ kQ1 [pNP-] [CCI4 ]
d [pN Pl] = ki  [PM?*]
( M )
■> pNPI + pNPAr
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However, t h i s  r e a c t io n  ( eq 4 .1 0 )  was shown to  be i n s ig n i f i c a n t  
because  no 4 -n it ro b ip h e n y l was found by vpc in  a therm olyzed s o lu ­
t io n  o f  0 .2  M NAT in  0 .8  M iodobenzene and 9 -3  M CC14 and decom posi­
t io n  o f  0 .050 M NAT in  0 .5 0  M p a ra -brom oiodobenzene and 9*9 M CC14 
gave 0 .0 1 5  M pNPCl and 0 .027  M pNPI (a cco u n tin g  fo r  80$> o f  th e  pNP< 
th a t  cou ld  p o s s ib ly  be form ed). Danen a ls o  re p o r te d  th a t  p h e n y la tio n  
o f  Arl was in s ig n i f i c a n t  in  h is  sy stem . 5 T h e re fo re , we conclude th a t  
eq 4 .5  i s  th e  on ly  im p o rtan t source o f  pNPI. (2) Excluding  CCI4 , th e
m ost l ik e ly  c h lo r in e  donor in  our r e a c t io n  m ix tu re  i s  h ex ach lo ro - 
e th a n e , which i s  formed by the  d im e riz a tio n  o f  t r ic h lo ro m e th y l r a d i ­
c a l s .  T h is ch lo ro  compound i s  not on ly  le s s  r e a c t iv e  th an  CC14 
< V kc l  -  78 was m easured by vpc fo r  decom position  o f  0 .05  M NAT in  
2 .53  M h ex ach lo ro e th an e  and 0 .5 4  M iodobenzene) bu t a ls o  i s  p re se n t 
a t  such low c o n c e n tra tio n s  (alw ays le s s  th a n  0 .0 2  M) th a t  a b s t r a c t io n  
o f  c h lo r in e  from i t  must be a t  l e a s t  500 tim es slow er th an  a b s t r a c t io n  
from CC14 . ( 3 ) Although pNPI i s  an io d in e  donor, i t s  c o n c e n tra tio n
i s  so sm all (g e n e ra l ly  le s s  th an  0 .0 3  M) th a t  the  prim ary  f a t e  o f  
th e  Ar- formed in  eq 4 .5  i s  r e a c t io n  w ith  CC14 to  form ArCl r a th e r  
th a n  re fo rm in g  Arl by th e  re v e rs e  r e a c t io n  o f eq 4 .5 .  In  th e  k in e t ic  
ru n s  w ith  th e  la rg e r  i n i t i a l  NAT c o n c e n tra t io n , th e  c o n c e n tra tio n  o f 
pNPI may be as h ig h  as 0 .15  M; how ever, th e  c o n s is te n c y  o f th e  
k i / k d  v a lu es  as th e  c o n c e n tra tio n s  o f  th e  s u b s t r a te s  and, t h e r e ­
f o r e ,  th e  c o n c e n tra tio n  o f  pNPI, a re  v a r ie d  (se e  T able 4 .1 )  in d ic a te s  
th a t  pNPI i s  not consumed in  subsequen t r e a c t io n s .  (4) We found 
a ro m atic  brom ides to  be ve ry  s ta b le  in  our r e a c t io n  system . The
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r e a c t i v i t y  o f a rom atic  c h lo r id e s  must be even le s s  th an  th e  r e a c t i ­
v i t y  o f  th e  brom ides which was found to  be = 0*39 fo r  pNP*
r e a c t in g  w ith  4 .8  M bromobenzene and 5 -2  M CC14 . T h e re fo re , pNPCl 
i s  s ta b le  under th e se  r e a c t io n  c o n d itio n s .
S ince eq 4 .9  has been shown to  be v a l id ,  eq 4 .7  i s  an a c c u ra te  
e x p re s s io n  fo r  th e  r e a c t i v i t y  o f  A rl r e l a t i v e  to  CC14 toward p a ra - 
n itro p h e n y l r a d ic a l s .
DATA TREATMENT.
The r a t i o s  o f  th e  a re a  o f th e  pNPI peak (A ^^^.) to  th e  a re a  o f 
th e  pNPCl peak o b ta in ed  by vpc an a ly se s  o f  s o lu tio n s  o f
v a rio u s  CC14 and s u b s t i tu te d  iodobenzene (xA rl) c o n c e n tra tio n s  a re  
g iv en  in  Table 4 .1 .  These a re a s  a re  no t p re c is e  in d ic a t io n s  o f  the  
c o n c e n tra tio n s  o f  pNPI and pNPCl, however, because th e  flam e i o n i ­
z a t io n  d e te c to r  i s  no t e q u a lly  s e n s i t iv e  to  bo th  p ro d u c ts . A resp o n se  
f a c to r  ( r f ) ,  de term ined  d a i ly  from th e  a re a  r a t i o  o f  a s tan d a rd  
s o lu t io n  o f  known pNPI and pNPCl c o n c e n tra tio n s  (eq 4 .1 1 ) ,
. S t d  r  » n iT ls t d
r f .  w  l k M )
A p H P l  [ P « P C l f t d
i s  used to  co n v ert th e  a re a  r a t i o s  to  c o n c e n tra tio n  r a t i o s  (eq  4 .1 2 ) .
[pNPI]
“ r f  >mr,) (4.12)
[pNPCl] *m l  *tWC1
These p ro d u c t c o n c e n tra tio n  r a t i o s  a re  m u lt ip l ie d  by th e  s u b s t r a te
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c o n c e n tra tio n  r a t i o s  to  g ive th e  r e l a t i v e  r e a c t i v i t i e s ,  \iT/V.r .J. wi
(eq 14- .T)  • The lo g a rith m  o f th e  average o f  th e se  k_ /k  ' s  i s  used
1  O jL
in  th e  Hamnett e q u a tio n .
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CHAPTER 5
POLAR EFFECTS IN RADICAL REACTIONS. HYDROGEN 
ABSTRACTION FROM SUBSTITUTED BENZENETHIOLS BY 
TERT-BUTYL AND UNDECYL RADICALS.
Although a v a r ie ty  o f  r a d ic a l  r e a c t io n s ,  e . g . , atom t r a n s f e r s , 1"7 
a d d i t io n s ,4 >5 »8 and c o p o ly m e riz a tio n s ,3k have been  s tu d ie d  u sin g  
th e  Hammett e q u a tio n , i t  s t i l l  i s  n o t e n t i r e l y  c le a r  what m echanis­
t i c  in fo rm a tio n  may be g leaned  from th e se  s tu d ie s .  The s ig n  o f  rh o , 
t r a d i t i o n a l l y  viewed in  term s o f  p o la r  e f f e c t s  on th e  t r a n s i t i o n  
s t a t e  (PETS), has been  in te r p r e te d  as  in d ic a t in g  th e  d i r e c t io n  o f  a 
charge d ip o le  c o n tr ib u t io n  to  th e  t r a n s i t i o n  s t a t e  (TS) o f  th e  r e a c ­
t i o n . 1 _8, 9 The m agnitude o f  rho  has been ta k en  as  an e x p re ss io n  o f  
th e  e x te n t  o f  t h i s  charge developm ent. G e n e ra lly , th e r e f o r e ,  rho  
v a lu e s  have been t r a n s la te d  i n to  a  p o la r  d e s c r ip t io n  o f  th e  TS.
We b e l ie v e ,  how ever, t h a t  rho  v a lu e s  from Hamnett c o r r e la t io n s  
o f  r a d ic a l  r e a c t io n s  a re  de term ined  by s u b s t i tu e n t  e f f e c t s  on th e  
ground s t a t e  (GS) as  w e ll a s  on th e  TS .12 We have term ed th e se  GS 
e f f e c t s ,  which in c lu d e  a l l  n o n - s te r ic  in f lu e n c e s  o f  s u b s t i tu e n ts  on 
th e  s t a b i l i t y  o f  th e  ground s t a t e ,  p o la r  e f f e c t s  on th e  GS (PEGS).
PEGS a lone  can r e s u l t  in  e i t h e r  p o s i t iv e  o r n e g a tiv e  rh o s  (n o t bo th ) 
depending on w hether e le c tro n -d o n a tin g  s u b s t i tu e n ts  s t a b i l i z e  o r 
d e s ta b i l i z e  th e  GS. PETS can p e r tu rb  th e  rh o  e s ta b l is h e d  by PEGS 
and so th a t  th e  observed  rho  i s  e i t h e r  more p o s i t iv e  o r more n eg a tiv e  
depending on w hether th e  r a d ic a l  i s  n u c le o p h il ic  o r  e l e c t r o p h i l i c .  
According to  t h i s  th e o ry , rho  v a lu e s  may n o t be v e ry  m e c h a n is tic a lly
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in fo rm a tiv e  u n le ss  th e  e f f e c t s  o f  PETS and PEGS on rho  a re  s e p a ra te d . 
C o n s id e ra tio n  o f  rho v a lu e s  o f  re a c t io n s  s im ila r  to  th e  r e a c t io n  b e ing  
s tu d ie d  may p rov ide  th e  m ost p e r t in e n t  d a ta  to  e f f e c t  t h i s  s e p a ra t io n . 
Only a f t e r  th e  "pure" PETS e f f e c t s  a re  d is t in g u is h e d  from PEGS can 
th e  n a tu re  and e x te n t  o f  th e  charge developm ent in  th e  TS be s p e c i f ie d .
For exam ple, in  r a t io n a l i z in g  th e  r e s u l t s  o f  Hammett s tu d ie s  o f 
an hydrogen a b s t r a c t io n  from s u b s t i tu te d  b e n z e n e th io ls  (ARSH) by 
o r-su b s titu te d  cumyl r a d ic a l s  (eq  5 .1 ) ,
CH3 ch3
PhC- + ArSH -----> PhCH + ArS- (5 .1 )
ArSCH2 ArSCHa
th e  im p lic a tio n s  o f  th e  r e s u l t s  o f  Hammett c o r r e la t io n s  o f  r e le v a n t  
re a c t io n s  such as  th o se  shown in  eqs 5*2 and 5*3 shou ld  be c o n s id e re d .
CH3 ch3





PhS* + ArC=CH2 -----> ArCCH2SPh (5 .3 )
Church and G le ich e r found p = -0 .2 7  fo r  eq 5*1 and in te r p r e te d  th i s  
n e g a tiv e  rho  in  term s o f th e  t r a d i t i o n a l  PETS approach to  g iv e  th e  
d e s c r ip t io n  o f  th e  TS shown in  eq 5 .4 . 13 (X* i s  a cumyl r a d i c a l . )
6~ . 6+
[X* H -SAr < > X  H SAr] (5**0
However, n e g a tiv e  rhos were a ls o  o b ta in ed  fo r  eq 5*2 ( p+ = -0 .6 2 )14 
and eq 5 .5  ( p  = -O .38)13 and in te r p r e te d  by th e  PETS th e o ry  as
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in d ic a t in g  charge d i s t r i b u t io n  in  th e  TS*s (eq 5-5 and 5 . 6 ) e x a c tly  
o p p o s ite  th a t  shown in  eq 5 -4 .
6 -  • 6+
[PhS- H -X <---- > PhS H X] ( 5 . 5 )
6-  . 6+
[PhS • H2C —CAr< >  PhS HgC—CAr ] (5 . 6 )
CH3 ch3
C e r ta in ly ,  th e  T S 's  o f  th e se  opposing r e a c t io n s  (eqs 5 -1  v e rsu s  5 .2  
and 5 -3 ) should  have a c o n s is te n t  placem ent o f  p o s i t iv e  and n e g a tiv e  
c h a rg es ; because th ey  do n o t ,  th e  accu racy  o f  th e se  d e s c r ip t io n s  o f  
th e  T S 's  (eq 5 .4 -5 .6 )  i s  su sp e c t.
S ince c o n s id e ra t io n  o f  PETS a lone  produced t h i s  in c o n s is te n c y ,
PEGS must be more im p o rtan t th an  PETS in  one o f  th e se  system s. C o n si­
d e rin g  th a t  e le c t r o n ic  e f f e c t s  a re  more e f f i c i e n t l y  tra n s m itte d  
th rough  a s u l f u r  atom th an  a ca rb o n , 15 we f e e l  t h a t  PEGS i s  more 
im p o rtan t th an  PETS in  th e  r e a c t io n  o f  eq 5 -1 - That i s ,  e le c t r o n -  
d o n a tin g  s u b s t i tu e n ts  weaken th e  S-H bond more th a n  th ey  weaken th e  
b e n z y lic  C-H bond and e s ta b l i s h  a n e g a tiv e  rho  fo r  eq 5 .1  so f irm ly
th a t  even th e  e f f e c t s  on an eq 5 . 5 - l i k e  t r a n s i t i o n  s t a t e
. 6+ . 6- 
(X- H -SAr <---- > X H SAr) a re  no t s u f f i c i e n t  to  produce a  p o s i­
t iv e  rh o .
E le c tro n  a f f i n i t y  (EA) and io n iz a t io n  p o te n t ia l  (IP ) d a ta  fo r  
t h i y l  and b en zy l r a d ic a l s  a ls o  su p p o rt our co n c lu s io n  th a t  th e se  
T S 's  a re  b e s t  d e sc rib e d  as  hav in g  a p a r t i a l  p o s i t iv e  charge on th e  
cumyl r a d ic a l  and a  p a r t i a l  n e g a tiv e  charge on th e  t h i y l  r a d ic a l .
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Since EA(n-BuS') > 1 .5  eV , 16 s u b s t i t u t io n  o f  a phenyl m oiety  fo r  th e  
b u ty l group should  lower t h i s  EA on ly  s l i g h t l y  [EA(C2H5 *) * 1 .0  eV17 
and EA(PhCH2 *) = 1 .0 8 , 17 0 .^ - 0 .9 l 6eV]. T h e re fo re , b e n z e n e th iy l 
r a d ic a l s  should  have a h ig h e r  EA th an  cumyl r a d ic a l s  whose EA must 
be le s s  th an  EA(PhCH2 *) because o f  th e  e le c t r o n  d o n a tin g  a b i l i t y  o f  
th e  m ethyl g roups. The a v a i la b le  io n iz a t io n  p o te n t i a l s ,  IP(HS-) =
11.1 eV17 and IP(PhCH2 *) = 7 -7 6  eV, 17 a ls o  in d ic a te  th e  c o rre c tn e s s  
o f  t h i s  d e s c r ip t io n  o f  th e  TS.
In  t h i s  c h a p te r  we r e p o r t  fu r th e r  ev idence  w hich s u b s ta n t ia te s  
our p ro p o sa ls  th a t  PEGS e s ta b l i s h  a n e g a tiv e  rho  fo r  hydrogen a b s t r a c ­
t io n  from s u b s t i tu te d  b e n z e n e th io ls  (ArSH) and th a t  t h i s  n eg a tiv e  
rho can be p e rtu rb e d  by PETS a r i s in g  from th e  e l e c t r o -  o r n u c leo - 
p h i l i c i t y  o f  th e  a b s t r a c t in g  r a d i c a l .
In  our k in e t i c  system s, t e r t - b u t y l  (tB u*) o r undecyl (U*) 
r a d ic a l s  a re  g en era ted  in  a  benzene so lv e n t c o n ta in in g  two s u b s t i ­
tu te d  b e n z e n e th io ls  (ArSH and Ar' SH), whose t o t a l  c o n c e n tra tio n  i s
0 .5  M. P h o to ly s is  o f  0 .75  M 2 , 2 ' -a zo iso b u tan e  (AIB) fo r  1 h r  a t  
370 nm w ith  a  Bausch and Lomb High I n te n s i ty  Monochromator was th e  
source  o f  tBu*; undecyl r a d ic a l s  (U*) were produced by th e rm o ly s is  
o f  0 .2  M la u ro y l perox ide  (LP0) a t  73° fo r  k h r .  The r e l a t i v e  r a t e  
c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  from th e  b e n z e n e th io ls  by tB u’ 
o r  U* a re  eq u a l to  th e  r a t i o  o f  lo g a rith m s o f  the  f r a c t io n a l  amounts 
o f  th e  two ArSH's rem a in in g , as measured by nmr. l 8 >19
There a re  two ty p es  o f  r e a c t io n s  which cou ld  in v a l id a te  our 
k in e t i c  a n a ly s i s .  The f i r s t  i s  s u lfh y d ry l hydrogen a b s t r a c t io n  by
r a d ic a l s  o th e r  th a n  tBu* o r  U*. O ther r a d ic a ls  which m ight a b s t r a c t  
th e se  hydrogens a re  t h i y l  (ArS*) and, in  th e  LPO system , u n d ecy lca r- 
boxy (UC02 *) r a d i c a l s .  In  a s im i la r  system , i t  has been argued th a t  
a b s t r a c t io n  o f  hydrogens by o th e r  ArS* r a d ic a l s  i s  no t k in e t i c a l l y  
im p o r ta n t.20 A b s tra c tio n  by UC02 * i s  n o t s ig n i f ic a n t  s in c e  the  
amount o f  undecanoic a c id  formed in  th e  r e a c t io n  m ix tu re  i s  le s s  
th an  1/20 o f  th e  b e n z e n e th io ls  consumed.
The second r e a c t io n  which m ight i n t e r f e r e  i s  a d d it io n  o f  tBu* 
o r U* to  th e  a ro m atic  r in g  o f  th e  s u b s t r a te s  to  produce a cyclohexa- 
d ie n y l r a d ic a l  which could  undergo f u r th e r  re a c t io n s  to  y ie ld  
p ro d u c ts  in  which th e  chem ical s h i f t  o f  th e  su lfh y d ry l hydrogen i s
changed. T h is a d d i t io n  seems u n l ik e ly ,  however, c o n s id e rin g  th e
23L- 2 5l i a b i l i t y  o f  s u lfh y d ry l  hydrogens tow ard a b s t r a c t io n .  Indeed ,
vpc a n a ly s is  showed no a d d i t io n  p ro d u c t, t e r t -b u ty lb e n z e n e th io l . 
from p h o to ly s is  fo r  1 h r  o f  0 .75  M AIB in  0 .5  M b e n ze n e th io l in  
benzene s o lv e n t .
A Hamnett crp c o r r e la t io n  o f our d a ta  a t  22° fo r  tBu* (T able 5 .1  
and F ig  5*1) g iv e s  p = 0 .4  + 0 .1 ;  sy “  0 .0 0 4 ; 9 p o in t s .27 For U* a t  
73°> t h i s  tre a tm e n t g iv e s  p = -0 .5 4  + 0 .0 5 ; sy = 0 .017 ; 13 p o in t s .27 
C o n sid erin g  th e  rho  v a lu e s  f o r  r e la te d  re a c t io n s  (eq  5*1~5*3)> we 
i n t e r p r e t  th e  above rh o s  as  in d ic a t in g  th a t  th e  tBu* i s  s u f f i c i e n t ly
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Table 5.1* R e la tiv e  r a t e  c o n s ta n ts  (k  /k  ) fo r  hydrogen a b s t r a c t io nd d
from  s u b s t i tu te d  b e n z e n e th io ls  (xArSH) by th e  t e r t -b u ty l  r a d ic a l  
(tBu*) a t  22° and undecy l (U*) r a d i c a l  a t  7 3 ° •3
X
tBu*
lo g (k X/k ° )
u-
l 0g(ka /k a)
m e ta -ch lo ro -0 .1 2
para-brom o 0 .081 -0 .061
p a ra -c h lo ro 0 .081+ -0.061
p a ra -c h lo ro -0 .081+
meta-m ethoxy 0 .052 -0 .055
p a ra - f lu o ro 0 .050 -0 .025
p a ra - f lu o ro 0.01+5
hydrogen -0 .016 -0 .005
hydrogen -0 .011 -0.028
m eta-m ethyl -0 .016 0 .026
para -m eth y l -0 .80 0 .066
p a r a - t e r t - b u ty l 0 .059
p a r a - t e r t - b u ty l O.O96
p a r a - t e r t - b u ty l 0 .066
For th e  tBu* r a d i c a l ,  th e se  d a ta  g iv e  p = 0.1+ + 0 .1 ;  
0 . 001+; 
d a ta  g iv es:
Sy = .001 ; 9 p o in ts .k  (The l e a s t  sq u ares  a n a ly s is  o f  th e se
th e  l e a s t  sq u ares  l in e  i s  lo g (k X/k ° )  = 0 .5 9 a  -  0 .0 0 1 ;
d  Si
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 . 005 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 2 ; 
th e  c o r r e la t io n  c o e f f i c i e n t  = 0 .9 5 * )
For th e  U* r a d i c a l ,  th e s e  d a ta  g iv e s ;  p 0 —0.3^- + 0*05*
Sy = 0 .0 1 7 ; 13 points.** (The l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  
g iv e s :
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th e  l e a s t  sq u ares  l in e  i s  log  (kX/k ° )  = -0 ,5 -̂ct + 0 .0 0 2 ;& fl
th e  s ta n d a rd  d e v ia t io n  o f th e  s lo p e  = 0 .0 2 ; 
th e  s ta n d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 1 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = -O .9 8 . )
(a )  For tB u*, r a t e  c o n s ta n ts  were m easured r e l a t i v e  to  th o se  fo r  
b e n z e n e th io l and p a ra - f lu o ro b e n z e n e th io l :  f o r  U*, th e y  were 
m easured r e l a t i v e  to  th o se  fo r  b e n z e n e th io l, p a ra -ch lo ro b en zen e- 
t h i o l ,  and p a r a - t e r t -b u ty lb e n z e n e th io l .  For each o f  th e se  
sy stem s, lo g (k X/k ° )  i s  l i s t e d ,  where lo g (k ° )  i s  th e  in te r c e p t
o f  th e  l e a s t  sq u ares  l in e  fo r  t h a t  system .
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n u c le o p h ilic  r e l a t i v e  to  th e  t h i y l  r a d i c a l  to  produce a TS e f f e c t
6+  • 6 -
(tBu* H *SAr < > tBu H SAr) ( 5 .7 )
s u f f i c i e n t  to  overcome th e  n e g a tiv e  rho  e s ta b l is h e d  by PEGS in  th e  
s u b s t i tu te d  b e n z e n e th io ls . T h is  predom inance o f  PETS g iv es  a p o s i ­
t iv e  rh o . S ince the  U* i s  no t so n u c le o p h ilic  as tBu*, PEGS dom inate
over PETS, and a n eg a tiv e  rho  i s  o b se rv ed . 28
EXPERIMENTAL SECTION
PURIFICATIONS AND SYNTHESES.
B en zen e th io ls  (ArSH). The s u b s t i tu te d  b e n z e n e th io ls  which a re  
l iq u id s  were vacuum d i s t i l l e d ;  th e  s o l id  ArSH's were used as re c e iv e d  
In  a l l  c a s e s ,  vpc showed them to  b e  more th an  98$ p u re .
2 , 2 ' -A zoisobutane (A IB). T h is azo compound was p rep a red  v ia  th e  
method o f  Ohme and Schmitz from N ,N '-d i- t e r t -b u ty lsu Ifam id e  as 
d e sc r ib e d  in  C hapter l . 29
L auroy l p e ro x id e  (LPO). T h is p e ro x id e , purchased  from L ucido l 
as A lperox , was p u r i f ie d  by two r e c r y s t a l l i z a t i o n s  from CCI4 -m ethanol 
and d r ie d  under vacuum fo r  2 h r .
PROCEDURES FOR KINETIC RUNS.
In  u s in g  th e  co m p e titiv e  method to  de term ine  th e  r e l a t i v e  r e a c t i
v i t y  o f  two s u b s t i tu te d  b e n z e n e th io ls  (ArSH and Ar'SH) toward t e r t -
b u ty l  (tB u«) o r undecyl (U*) r a d i c a l s ,  th e  c o n c e n tra tio n s  o f  bo th
ArSH's r e l a t i v e  to  t h a t  o f  an i n t e r n a l  s ta n d a rd  must be m easured
b e fo re  and a f t e r  r e a c t io n .  The method chosen fo r  a n a ly s is  was nmr.
In  a  s o lu t io n  o f  i n i t i a t o r  and ArSH in  benzene (phH ), th e  i n i t i a l
c o n c e n tra tio n  o f  ArSH ([A rS H ]^  r e l a t i v e  to  t h a t  o f  PhH ([P hH ]^),
which a c ts  as an i n t e r n a l  s tan d a rd  as  w e ll  as s o lv e n t ,  was d e te r -
ArSHmined by in te g r a t in g  th e  s y lfh y d ry l hydrogen peak o f  a re a  A  ̂
and th e  a rom atic  peaks o f  a re a  A^1̂ .  30
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[ArSH]. ^ArSH
 ^ “t h T  ( 5 ’8 )[PhH]. A™H
A fte r th e  r e a c t io n s  were th e n  c a r r ie d  ou t to  about 20’jo com ple tion ,
th e  a re a s  o f  th e  s u lfh y d ry l peak (A^1811) and a ro m atic  peaks ( A ^ H)
were ag a in  o b ta in ed  by in te g r a t io n .  The f i n a l  c o n c e n tra tio n  o f
ArSH ([ArSH]^) in  th e  re a c te d  s o lu t io n  can be exp ressed  in  term s o f 
ArSH PhHA  ̂ , A  ̂ , and th e  f i n a l  c o n c e n tra tio n  o f  PhH ([P hH ]^);
[ArSH] A^rSH
------------ = -p T g - (5 -9 )
[PhH]f  Aj
S ince benzene was p re s e n t in  ex cess  and i s  r e l a t i v e l y  u n re a c tiv e  
under th e se  r e a c t io n  c o n d it io n s , i t s  c o n c e n tra tio n  rem ains c o n s ta n t 
d u rin g  th e  r e a c t io n ;  [PhH ^ = [PhH]f . T h e re fo re , th e  f r a c t io n  o f  
ArSH rem ain ing  in  th e  re a c te d  s o lu t io n  i s  g iven  by eq 5 .1 0 ;
[ArSH]f  ( A ^ SH/A^hH)
[ArSH]i  ( A r̂SH/A^hH)
(5-10)
In  th e  co m p e titio n  method o f  d e te rm in in g  r e l a t i v e  r e a c t i v i t i e s ,  t h i s  
r a t i o  ex p re sse s  th e  r e a c t i v i t y  o f  ArSH.
U n fo rtu n a te ly , th e re  i s  a  m inor ex p e rim en ta l d i f f i c u l t y  a s so ­
c ia te d  w ith  th e  nmr a n a ly s is .  The s u lfh y d ry l hydrogen peaks o f  ArSH 
and Ar’ SH a re  no t co m ple te ly  re s o lv a b le  fo r  a l l  p o s s ib le  com binations 
o f  ArSH and A r’ SH. T his problem  was e a s i l y  so lv e d , however. P a irs  
o f  ArSH1s were chosen which were com ple te ly  re so lv e d  on th e  60 MHz 
in s tru m en t used , a  V arian  A-60A. The p a ir in g  schemes were as fo llow s 
fo r  tB u*, p -F - , p -C l- ,  and p -B r - s u b s t i tu te d  b e n z e n e th io ls  were 
analyzed  v e rsu s  b e n z e n e th io l, and p-M e-, m-Me-, and m -M eO -substituted 
b e n z e n e th io ls  were analyzed  v e rsu s  p - f lu o ro b e n z e n e th io l;  fo r  U*, 
p - tB u - , p -F - , p -C l—, and p -B r-v e rsu s  b e n z e n e th io l, p-M e-, m-Me-, and 
m-MeO-v e rsu s  p -c h lo ro b e n z e n e th io l , and m -C l-v e rsu s  p - t e r t - b u t y l -  
b e n z e n e th io l. I t  should  be no ted  th a t  because nmr chem ical s h i f t s  
can be c o r r e la te d  w ith  s u b s t i tu e n t  c o n s ta n ts , 31 r e s o lv a b le  p a ir s  
g e n e ra lly  have a la rg e  d i f f e r e n c e  in  sigma s u b s t i tu e n t  c o n s ta n ts .
I f  th e  dependence o f  r e a c t i v i t y  on s u b s t i tu e n t  i s  s tro n g  ( la rg e  rh o ) ,  
th en  th e  r a t e  c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  from th e  ArSH's o f  
th e se  p a i r s  by tBu* o r U* w i l l  be v e ry  d i f f e r e n t ,  and on ly  one ArSH 
o f  th e  re s o lv a b le  p a i r  may r e a c t .  T h is i s  a p o te n t i a l  problem  which 
could  p rec lu d e  th e  co m p e titio n  m ethod. However, t h i s  dependency i s  
n o t so s tro n g  in  our system , and in  th e se  p a ir s  b o th  o f  th e  ArSH's 
r e a c t .
For a  s in g le  k in e t i c  ru n , a s o lu t io n  c o n ta in in g  i n i t i a t o r  
(0 .75  M AIB o r 0 .2  M LPO) and one o f  th e  p a i r  o f  re s o lv a b le  s u b s t i ­
tu te d  b e n z e n e th io ls  (ArSH, 0 .5  M) was p rep ared  in  benzene (PhH).
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A s im ila r  s o lu t io n  o f  th e  o th e r  b e n z e n e th io l (A r'SH , 0 .5  M) was 
p re p a red . For th e  U‘ s tu d y , th e se  two s o lu tio n s  were mixed in  the  
fo llo w in g  volume r a t i o s :  2 . 3 » l» 5 j 1 .0 , 0 . 6 j ,  and 0 .4 2 ;  th e n  0 .5  ml 
o f  t h i s  s o lu t io n  was p laced  in  an nmr tu b e . S o lu tio n s  o f  2 .0 ,  1 .0 , 
and 0 .5  volume r a t i o s  were used in  th e  tBu* s tu d y , and 0 .5  ml o f  
each was p laced  in  an nmr tu b e . The s o lu t io n s  in  th e  tu b es  were 
degassed  by slow ly  b u b b lin g  helium  th rough  a  g la s s  c a p i l l a r y  and 
in to  th e  s o lu tio n s  fo r  2 m in, and th e  tu b es  were co rk ed . 32 A fte r 
th e  nmr spectrum  o f  s u lfh y d ry l  hydrogen and a ro m atic  peaks was 
reco rd ed  and th e  peaks were in te g r a te d ,  th e  LPO c o n ta in in g  tu b es  were 
p laced  in  a h o ld e r  in  an o i l  b a th  (73° )  so t h a t  th e  l iq u id  le v e l  in  
th e  tube was even w ith  th e  su r fa c e  o f  th e  o i l ; 33 th e  tu b es  w ere h ea ted  
fo r  Ij- h r .  Tubes c o n ta in in g  AIB s o lu t io n  were p ho to lyzed  a t  370 nm 
w ith  a  Bausch and Lomb High I n te n s i ty  monochromator fo r  1 h r .  Then, 
th e  nmr s p e c tra  o f  th e  re a c te d  s o lu t io n s  were o b ta in e d , and th e  f i n a l  
a re a s  were m easured.
KINETIC ANALYSIS.
Undecyl r a d ic a l s  (U») w ere g en e ra ted  by th e rm o ly s is  o f  la u ro y l 
p e ro x id e  (LPO) in  a  s o lu t io n  c o n ta in in g  two s u b s t i tu te d  b e n z e n e th io ls , 
ArSH and Ar'SH.
0
(CixH23C0>2 >  2U* + 2C02 (5 -11)
LPO
I n  th e  o th e r  system  we s tu d ie d ,  p h o to ly s is  o f  2 , 2 ' -a z o iso b u ta n e  (AIB)
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i n  a s o lu t io n  o f  ArSH and Ar'SH y ie ld e d  t e r t -b u tv l  r a d ic a l s  (tB u * ).
tBu-N=N-tBu 2tBu* + N2 (5*12)
AIB
A fte r  escap in g  from th e  cage , th e se  r a d ic a l s  (R* « U- o r  tBu*) may 
a b s t r a c t  a s u lfh y d ry l hydrogen from e i t h e r  o f  th e  b e n z e n e th io ls .
k
R* + ArSH — > RH + ArS*
k . (5*13)
R* + Ar'SH — > RH + Ar'S*
A lthough RH (undecane o r iso b u ta n e ) may a ls o  be produced by o th e r  
re a c t io n s  such as  cage d is p ro p o r t io n a t io n ,  t h i s  mode o f  R* r e a c t io n  
i s  n o t im p o rtan t because we fo llow ed  d isap p ea ran ce  o f  th e  ArSH's 
r a th e r  th a n  appearance o f  RH.
The method o f co m p e titiv e  d isap p ea ran ce  o f  s u b s t r a te s  assumes 
th a t  th e  r e a c t io n s  o f  eq 5*13 a re  th e  on ly  ones r e s u l t i n g  in  consump­
t io n  o f  ArSH and Ar'SH and th a t  th e se  r e a c t io n s  a re  no t r e v e r s ib le .  
The f i r s t  assum ption  w i l l  be d is c u s se d  l a t e r ;  th e  second.seem s 
c o r r e c t  s in c e  th e  re v e rs e  r e a c t io n  would be about 13 kca l/m o le  
endotherm ic fo r  RH -  tBuH [bond d i s s o c ia t io n  energ y  (BDE) o f  th e  
ArS-H bond i s  abou t 78 k ca l/m o le  and th e  BDE o f tBu-H i s  91 k c a l /  
m ole]34 and a t  l e a s t  16 k ca l/m o le  endotherm ic fo r  RH “  UH (BDE's o f  
p rim ary  and secondary  C-H bonds a re  98  and 9^*5 k c a l /m o le ) .34 The 
r a t i o  o f th e  r a te s  o f  consum ption o f  ArSH and Ar'SH i s  g iven  in  
eq 5 .1k  s in c e  th e  [R*] f a c to r s  c a n c e l.
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-d[ArSH] k [ArSH]
----------  = —-----------  (5.1U)
-d[Ar'A H ] k ' [Ar'SH]
R earran g in g  and in te g r a t in g  th i s  e q u a tio n  between th e  l im i t s  o f  
i n i t i a l  and f i n a l  c o n c e n tra tio n s  o f  ArSH and Ar'SH g iv es  eq 5 .1 5 .
T h is  e q u a tio n  i s  used in  th e  co m p e titiv e  method o f  s u b s tr a te
d isap p ea ran ce  to  de term in e  th e  r e l a t i v e  r e a c t i v i t y  o f ArSH and Ar'SH.
k lo g ( [ArSH]./[ArSH] )
-S _  = -----------------£------------£_ (5 -15 )
ka log( [A r'SH ]f /[A r'S H "]/)
O ther r a d ic a l s  b e s id e s  R* (tBu* o r U*) which could  a b s t r a c t  
s u lfh y d ry l  hydrogens from ArSH and in v a l id a te  th e  f i r s t  assum ption 
o f  t h i s  k in e t i c  a n a ly s is  a re  o th e r  t h i y l  r a d ic a l s  (A r'S *) (eq 5*16) 
and , in  th e  LPO r e a c t io n  system , undecylcarboxy r a d ic a l s  (UC02 *)
(eq  5*IT)*
Ar'S* +  ArSH s± Ar'SH + ArS* (5*16)
UC02 * + ArSH -  UC02H + ArS* (5 -17 )
Schaafsma e t  a l .  s t a t e  w ith o u t p ro o f t h a t  th e  c o n s is te n c y  o f  k  /k '—  —  a a
a s  th e  m olar r a t i o  o f  th e  t h io l s  i s  changed in d ic a te s  th a t  th e  r a t e s  
o f  th e  forw ard  and re v e rs e  r e a c t io n s  o f  eq 5*16 a re  e q u a l .20 In  
Appendix 2 I  o f f e r  a  p ro o f o f  t h i s  c o n c lu s io n . Because o f t h i s  
e q u a l i ty ,  term s r e s u l t in g  from t h i s  r e v e r s ib le  " id e n t i ty "  r e a c t io n
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do no t appear in  eq 5*1^> and eq 5-15 i s  s t i l l  c o r r e c t .  A b s tra c tio n  
o f  s u lfh y d ry l hydrogen by undecy lcarboxy  r a d ic a l s  (eq 5*IT) i s  no t 
im p o rtan t s in c e  th e  y ie ld  o f  undecanoic a c id  (UCO2H) formed by 
r e a c t io n  o f  0 .25  M LPO in  0 .5  M b e n z e n e th io l in  benzene was found 
by vpc to  be le s s  th an  0.005  M, le s s  th an  1/20 th e  amount o f benzene­
t h i o l  consumed.
The nmr method o f a n a ly s is  can  no t d is t in g u is h  betw een a b s t r a c ­
t io n  o f  th e  s u lfh y d ry l hydrogen (eq  5 *13) and c e r t a in  o th e r  r e a c t io n s .  
I f  a  r e a c t io n  in v o lv in g  ArSH y ie ld s  a p ro d u c t whose s u lfh y d ry l 
p ro to n 1s chem ical s h i f t  i s  d i f f e r e n t  from th a t  o f  ArSH, th e n  th i s  
r e a c t io n  w i l l  be co n s id e red  to  have invo lved  s u lfh y d ry l  hydrogen 
a b s t r a c t io n  because th e  a re a  o f  t h i s  peak w i l l  be d e c rea se d . Such a 
r e a c t io n  i s  a d d i t io n  o f  a r a d i c a l  (R* ■ tBu* o r U-) to  th e  arom atic  
nuc leu s  o f ArSH to  produce a cy c lo h ex ad ien y l r a d i c a l ,  C* (eq 5*18),
SH
R. + ArSH -----> (5 .1 8 )
R H 
C-
which can d is p ro p o r t io n a te  to  form R -s u b s ti tu te d  b e n z e n e th io ls  and 
RH o r R -s u b s t i tu te d  c y c lo h e x a d ie n e th io ls  (eq 5»19)*
R. RH




However, t h i s  r e a c t io n  sequence seems u n l ik e ly  because o f th e  h ig h  
r e a c t i v i t y  o f  th e  s u lfh y d ry l hydrogens. An approxim ate r a t i o  o f  
th e  r a t e  c o n s ta n t fo r  a b s t r a c t io n  o f  t h i s  hydrogen by R* r e l a t i v e  to  
th e  r a t e  c o n s ta n t fo r  a d d i t io n  o f  R* to  th e  arom atic  r in g  can be 
o b ta in ed  in  th e  fo llo w in g  m anner. For m ethyl r a d i c a l s ,  th e  a b s t r a c ­
t io n  to  a d d i t io n  r a t i o  fo r  to lu e n e s  i s  about 5 : l . 21 A lthough tBu* i s  
p robab ly  more s e le c t iv e  th an  m e th y l, we w i l l  assume th a t  t h i s  r a t i o  
i s  5 :1  fo r  tBu° a ls o .  S ince tB u ' a b s t r a c t s  hydrogen from b e n ze n e th io l 
about 200 tim es f a s t e r  th an  i t  a b s t r a c t s  hydrogen from to lu e n e ,23 
th e  r a t i o  o f  r a te  c o n s ta n ts  fo r  a b s t r a c t io n  from b e n z e n e th io l 
r e l a t i v e  to  a d d i t io n  to  to lu e n e  i s  about 1000:I . 25 However, because o f  
s u b s t i tu e n t  e f f e c t s ,  a d d i t io n  to  b e n z e n e th io l may be tw ice  as f a s t  
as a d d it io n  to  to lu e n e .26 The r a t i o  o f  a b s t r a c t io n  v e rsu s  a d d it io n  
would th en  be about 500- R e g a rd le ss , a d d i t io n  to  ArSH i s  an in s ig n i ­
f i c a n t  p ro c e ss . T h is  co n c lu s io n  was confirm ed by th e  f a i l u r e  to  
d e te c t  by vpc any a d d i t io n  p ro d u c t, t e r t -b u tv lb e n z e n e th io l . from th e  
p h o to ly s is  fo r  1 h r  o f  0 .75  M AIB i n  0 .5  M b e n z e n e th io l in  benzene 
s o lv e n t .
Another p o s s ib le  r e a c t io n  r e s u l t in g  in  consum ption o f  ArSH i s
p h o to ly t ic  c leavage o f  th e  S-H bond. However, th e  e x t in c t io n
-1  -1c o e f f i c i e n t  f o r  th e se  t h i o l s  a t  370 nm i s  on ly  about 0 .5  M cm ; 
th e  e x t in c t io n  c o e f f ic ie n t  f o r  AIB a t  t h i s  w avelength  i s  15 M *cm 
S ince th e  c o n c e n tra tio n  r a t i o  o f  AIB to  ArSH i s  3 and s in c e  th e  
quantum y ie ld  fo r  S-H s c i s s io n  ($  *» 0 .5 ) ' i s  about th e  same as  th a t  
fo r  N2 fo rm atio n  from AIB (§  ■ 0.1+6),35 app ro x im ate ly  90 tim es more 
ArSH i s  d estro y ed  by r e a c t io n  w ith  tBu* th a n  by d i r e c t  p h o to ly s is .
138
In  th e  absence o f  th e se  p o te n t ia l  d i f f i c u l t i e s ,  t h i s  co m p etitio n  
method employing nmr a n a ly s is  can be used to  g iv e  r e l a t i v e  r a t e  
c o n s ta n ts  fo r  a b s t r a c t io n  from b e n z e n e th io ls  by tBu* and U*.
DATA TREATMENT.
The r e l a t i v e  r a t e  c o n s ta n ts  fo r  hydrogen a b s t r a c t io n  from 
s u b s t i tu te d  b e n ze n e th io ls  (ArSH) by th e  t e r t -b u ty l (tB u*) o r undecyl 
(U*) r a d ic a l  were o b ta in ed  by s u b s t i tu t in g  eq 5*10 in to  eq 5*15 to  
g iv e  eq 5 *19*
. . r ,.A rSH /AArSHw .PhH /.PhH ^ka log [(A f  /A. )(At  /A{ ) ]  (5<19)
. r , AA r'SH /AAr'SHw APhH/APhH, n k'& log [(A f  /  Af  )(A ± /Af  ) ]
S ince a l l  ArSH's cou ld  n o t be analyzed  r e l a t i v e  to  one Ar'SH, s e v e ra l  
s tan d a rd  re a c ta n ts  were u sed . For tB u*, th e  A r'S H 's  a re  b e n ze n e th io l 
and p a ra - f lu o ro b e n z e n e th io l . The s ta n d a rd  r e a c ta n ts  used in  th e  U* 
system  a re  b e n z e n e th io l, p a ra -c h lo ro b e n z e n e th io l, and p a ra - t e r t -b u ty l -  
b e n z e n e th io l. T ab les 5*2 and 5*3 c o n ta in  th e  c a lc u la te d  r e l a t i v e  
r a t e  c o n s ta n ts  (eq 5*19) fo r  v a rio u s  r a t i o s  o f  ArSH to  Ar'SH fo r  th e  
tBu* and U* system s, r e s p e c t iv e ly .
The k ' s  in  T ab les 5*2 and 5 -3  can n o t be used d i r e c t l y  toA
c o n s tru c t  a s in g le  Hamnett e q u a tio n  r e la t io n s h ip  fo r  each  system
because th e  k ' s  were measured r e l a t i v e  to  k ' ' s f o r  d i f f e r e n t  A r 'S H 's . a a
I n s te a d ,  a Hammett e q u a tio n  was c a lc u la te d  fo r  th o se  ArSH's analyzed  
v e rsu s  each s tan d a rd  r e a c ta n t  by th e  method o f l e a s t  squares from 
th e  lo g arithm s o f th e  r e l a t i v e  r a t e  c o n s ta n ts  ( lo g (k  / k ' ) ' s )  andA A
sigma s u b s t i tu e n t  c o n s ta n ts .  (The l e a s t  sq u ares  a n a ly s is  o f  th e se
l in e s  i s  g iven  in  T ables 5 .2  and 5*3*) These Hamnett eq u a tio n s  fo r
th e  d i f f e r e n t  A r'SH 's a re  confirm ed by s u b tra c t in g  from th e  log k /
8
k ' 1s th e  in te r c e p t  ( lo g (k ° ) )  o f  t h i s  l e a s t  sq u ares  l in e  to  g ive 8 8
p o in ts  (ct, lo g (k  /k ° ) )  which d e f in e  a s in g le  l i n e ,  th e  " o v e ra l l"
8 8
Hammett r e la t io n s h ip  fo r  each r a d ic a l .  (The l e a s t  sq u ares  a n a ly s is  
o f  th e se  l in e s  i s  g iven  in  T able  5*1)
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T able 5*2. R e la tiv e  r a t e  c o n s ta n ts  (kX/k y ) fo r  hydrogen a b s t r a c t io nSL &
from s u b s t i tu te d  b e n z e n e th io ls  (xArSH) v e rsu s  p a ra - f lu o ro b e n z e n e th io l 
and b e n z e n e th io l (yArSH) by th e  t e r t - b u t y l  r a d ic a l  a t  22°.
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a v g :C 1 .2k ±  0 .0 7 0.097





































y kx /k y a a lo g (k * /k ^ )
2 0 .84
m-Me £-F 1 0 .84
0 .5 0 .91
a v g :c 0 .8 6  + 0 .04 -0 .066
0 .5 O.92
1 0 .88
H £-F 2 O.92
0 .5 0 .8 2
1 O.85
2 0 .85
av g :°  0.&J + 0 .04 -0.061
£ -F  £-F (1) (0 )
1 0.95
m-MeO £ “F 0 .5 O.96
av g :C O.96  + 0 .0 1 -0 .018
For y = H, th e se  d a ta  g ive  p = 0 .3  + 0 .4 ;  = 0 .0 2 ; 4 points.**
(The l e a s t  sq u ares  a n a ly s is  o f th e se  d a ta  g iv e s : 
th e  l e a s t  sq u ares  l in e  i s  lo g (k x /k y) = 0 .3 7 a  + 0 .0 1 6 ;
th e  s ta n d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 . 1 ;  
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 2 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = 0 .9 4 .)
For y = £ -F , th e se  d a ta  g iv e  p = 0 .4  + 0 .5 ;  = 0 .0 2 ;
5 p o in t s .d (The l e a s t  squ ares  a n a ly s is  o f  th e se  d a ta  g iv e s : 
th e  l e a s t  sq u ares  l in e  i s  lo g (k X/k y ) = 0 .4 2 a  - 0 .050 ;S fi
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  = 0 .0 9 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  = 0 .0 2 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  = 0 .9 4 .)
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(a )  x /y  i s  th e  volume r a t i o  o f  xArSH to  yArSH in  th e  r e a c t io n  m ix tu re .
(b ) The lo g arith m s o f th e  average kX/k ^  a re  l i s t e d .fl 8
2C V(c )  The average k /W  + one s tan d a rd  d e v ia t io n  i s  g iv en .
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T able  5*3* R e la tiv e  r a t e  c o n s ta n ts  (kx /k ^ ) fo r  hydrogen a b s t r a c t io n& fl
from s u b s t i tu te d  b e n z e n e th io ls  (xArSH) v e rsu s  p a r a - t e r t -b u ty l -  and 
p a ra -c h lo ro b e n z e n e th io l and b e n z e n e th io l (yArSH) by th e  undecyl 
r a d ic a l  a t  73° .
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0 .5 0 .81
H £ -C l 0 .5 0.88
1 0 .91
1 O.92
2 0 .9 3
1 0 .88
av g :°  0 .88  + 0 .0k O.56
m-MeO £ —Cl 0 .67 1.12
0 .k 2 • 99
1.25
a v g :C 1.1  + 0 .1 0 .0k 9
£ -C l £ -C l ( 1) (0 )
£ - t B u £ - t B u ( 1) (0 )
2 .3 0 .60
1.5 0 .6 2
m -C l £ - t B u 1 0 .&
0 .67 0.65
0 .k 2 O.69
a v g :°  0 . 6^ + 0 .03 -0 .1 9
For y = H, th e se  d a ta  g ive  p = -0 .2 8  + 0 .0 5 ; = 0 .0 2 ;
5 p o in t s .d (The l e a s t  squares a n a ly s is  o f  th e se  d a ta  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g (k X/k H) ■ -0 . 27ct + 0 .005 ;s  &
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th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  ■ 0 .0 1 6 ; 
th e  s ta n d a rd  d e v ia t io n  from re g re s s io n  18 0 .006 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  83 -0 .9 9 * )
For y ■ £ -C l, th e se  d a ta  g iv e  p ■ -0.U + 0 . 1 ;  s «  0 .0 3 ;
d — y
6 p o in ts .  (The l e a s t  sq u ares  a n a ly s is  o f  th e s e  d a ta  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  lo g (k * /k ^ ~ ^ )  = -O.ljOo +  0 .0 8 ^ ;
th e  s tan d a rd  d e v ia t io n  o f  th e  s lo p e  i s  O.OMi;
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  i s  0 .0 1 8 ;
th e  c o r r e la t io n  c o e f f ic ie n t  i s  -0 .9T *)
For y “  £~tB u, th e se  d a ta  g iv e  p ■ -0 .3 3  ±  0 .0 0 ; s ^  ■ 0 .0 2 ;
2 p o in t s .d (The l e a s t  sq u ares  a n a ly s is  o f  th e se  d a ta  g iv e s :
th e  l e a s t  sq u ares  l in e  i s  la g (kx /k^~—Bu) ■ -0.33cr “ 0 .066 ;a  a
th e  s ta n d a rd  d e v ia t io n  o f  th e  s lo p e  ”  0 .0 0 ; 
th e  s tan d a rd  d e v ia t io n  from re g re s s io n  •  0 .0 0 ; 
th e  c o r r e la t io n  c o e f f ic ie n t  ■ - 1 .0 0 .)
(a )  x /y  i s  th e  volume r a t i o  o f  xArSH to  yArSH i n  th e  r e a c t io n  m ix tu re .
(b ) The lo g a rith m s o f  th e  average kx /k ^  a re  l i s t e d .a  a
(c )  The average  kX/k ^  +  one s ta n d a rd  d e v ia t io n  i s  g iv en .a  a
(d )  See r e f  27*
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MEASURES OF "GOODNESS OF FIT" IN LINEAR FREE ENERGY RELATIONSHIPS 
AND COMMENTS ON THE INADEQUACY OF THE CORRELATION COEFFICIENT, r  •
L in ea r f r e e  energy  r e la t io n s h ip s  (L FE R 's), which a re  b a s ic  to o ls  
in  p h y s ic a l o rg an ic  ch em is try , have been used to  d e sc r ib e  th e  i n f l u ­
ence o f s u b s t r a te  s t r u c tu r e  (Hamnett e q u a tio n ) ,  r e a c t io n  medium 
(G runw ald-W instein e q u a tio n ) ,  o r re a g e n t a c id i ty  (B ronsted  e q u a tio n ) 
on r e a c t i v i t y . 2 ’3 These r e l a t i o n s ,  u s u a lly  re p o r te d  as l in e a r  equa­
t io n s  (eq l ) , a re  commonly o b ta in ed  by a l e a s t  squ ares  a n a ly s is  o f
Y = bX + a ,  (1)
th e  dependence o f  th e  lo g a rith m  o f a r a t e  o r  e q u ilib r iu m  c o n s ta n t o f 
a r e a c t io n ,  Y, on a s u b s t r a te ,  medium, o r re a g e n t p a ram ete r, X. For 
exam ple, th e  Hammett e q u a tio n , th e  most f r e q u e n tly  used IFER, i s  
g iven  by eq l a .  To t e s t  th e  v a l id i t y  o f  LFER's, th e  goodness o f  f i t
log  k = p cr +  log kQ ( l a )
(GOF) o f th e  ex p e rim en ta l p o in ts  (X^, Y^) to  th e  l e a s t  sq u ares  l in e 4 
must be d e te rm in ed .
The Inadequacy o f  th e  C o rre la t io n  C o e f f ic ie n t , j:
One purpose o f t h i s  note i s  to  show th a t  th e  c o r r e la t io n  c o e f ­
f i c i e n t ,  £ ,  a lth o u g h  w idely  used as a m easure o f  GOF, does not 
a c c u ra te ly  r e f l e c t  th e  d e v ia t io n s  o f  p o in ts  from th e  l in e .  I t  has 
a lre a d y  been p o in ted  ou t th a t  th e  m agnitude o f r  depends on th e  GOF
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o f  th e  p o in ts  to  th e  l in e 83 and th e  s ig n if ic a n c e  o f r  o f  a g iven  mag­
n itu d e  depends on th e  number o f  p o in ts .7 >9 However, th e re  i s  one 
inadequacy o f r  which has n o t p re v io u s ly  been reco g n ized : r  depends 
on th e  m agnitude o f  th e  s lo p e , b . T h is dependence p ro v id es  s p e c ia l  
problems when p lo ts  w ith  sm all s lo p es  a re  c o n s id e re d , s in c e  r. becomes 
zero  when the  s lo p e  i s  z e ro . The marked slope-dependence o f  r  c le a r ly  
in v a l id a te s  th e  a p p l ic a t io n  o f  any r i g i d  c r i t e r i o n  fo r  assessm en t o f 
l in e a r  r e la t io n s h ip s  based on r ,  such a s :  ":r > 0 .9 9  in d ic a te  e x c e l­
l e n t ,  £  > 0 .9 5  s a t i s f a c to r y ,  and r_ > 0 .9  f a i r  f i t . . . "  10
The r e l a t i o n  betw een r  and th e  s lo p e , b , i s  im p lied  by th e  s im i­
l a r i t y  o f  t h e i r  d e f in i t io n s ;  th e  num erators a re  th e  same.
S c y
r  = ---------------r  (2 )
( S c 2  S r 2 ) «
b = - S 2 -  (3 )
a a
In  eqs 2 and 3 , x = X  ̂ - X, y = - Y, th e  p o in ts  a re  (X^, Y^) and
th e  averages o f  th e  X ^ 's  and Y ^ 's a re  X and Y .8*5 T h e re fo re , when 
b = 0 , i . e . ,  when Scy = 0 ,  th e  c o r r e la t io n  c o e f f i c i e n t  i s  a ls o  zero  
r e g a rd le s s  o f  w hether th e  p o in ts  f a l l  on th e  l e a s t  sq u ares  l in e  o r 
a re  s c a t te r e d  w idely  from i t .  S t a t i s t i c a l l y  sp eak in g , th e re  i s  no 
c o r r e la t io n  between X and Y when th e  s lo p e  i s  z e r o .8c In  d i s c ip l in e s  
where s t a t i s t i c s  a re  used to  t e s t  h y p o th e se s , i t  i s  u n in fo rm ativ e  to  
know th a t  a g iven  param eter i s  a n o n -p re d ic to r  o f  th e  observed 
b e h a v io r , and r e l a t io n s  w ith  zero  s lo p e  a re  u s e le s s .  Thus, r  i s  a
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u s e fu l  m easure o f  GOF in  h y p o th es is  t e s t in g  because i t s  m agnitude 
in d ic a te s  th e  p ro b a b i l i ty  o f  o b ta in in g  th e  observed r e la t io n s h ip  
between th e  two v a r ia b le s  p u re ly  by ch an ce .8^ ’13 Having r  = 0 when 
b = 0 means th a t  t h i s  p r o b a b i l i ty  i s  v e ry  h ig h . However, fo r  
c h em is ts , s lo p es  eq u a l to  zero  a re  p a r t  o f  th e  continuum  o f  n eg a tiv e  
to  p o s i t iv e  s lo p es  observed in  LFER's and, th e r e f o r e ,  a re  s t i l l  
m e an in g fu l.14 For exam ple, in  p lo ts  o f  th e  Hammett e q u a tio n , a s lo p e  
o f  zero  im p lie s  a p o s i t iv e  co n c lu s io n : nam ely, th a t  th e re  i s  no p o la r  
c h a ra c te r  in  th e  r e a c t io n  under s tu d y , j u s t  as a non-zero  s lope  
in d ic a te s  p o la r  c h a r a c te r .15 Thus, a lthough  a Hammett p lo t  w ith  
zero  s lo p e  i s  a n o n - " c o r r e la t io n " , i t  i s  in fo rm ativ e  to  know th a t  
the  s lo p e  i s  z e ro , and i t  i s  d e s i r a b le  to  have a techn ique fo r  
m easuring th e  con fidence  w ith  which th e  zero  s lo p e  i s  known. The 
c o r r e la t io n  c o e f f ic ie n t  i s  c le a r ly  in ad equate  fo r  t h i s  ta s k .
The c o r r e la t io n  c o e f f ic ie n t  a ls o  has a n o th e r  shortcom ing . The
dependence o f r  on slo p e  makes i t  an ex trem ely  b ia se d  e s tim a to r  o f
GOF, and t h i s  has no t been reco g n ized . T hat i s ,  fo r  l in e s  w ith  th e
same s c a t t e r  o f th e  p o in ts  about th e  l i n e ,  r  in c re a s e s  w ith  b . 16
T able  1 g ives r  v a lu e s  fo r  l in e s  which were " sy n th es iz ed "  to  have
th e  same GOF in  th e  fo llo w in g  manner: For each o f  n ine  (X^ = 0 ,
0 .1 ,  0 . 2 , . . . , 0 . 8 ) ,  th e  a s s o c ia te d  v a lu es  o f  Y ^ 's were chosen such
th a t  th e  v e r t i c a l  d is ta n c e  o f th e  p o in t from th e  co rrespond ing  l in e  ,
Y. - (bX. + a ) , i s  th e  sam e.17 I f  r  i s  a measure o f GOF a lo n e , th ei  v x ' —
same r  would be expected  fo r  a l l  l i n e s .  However, t h i s  constancy  
o f r  i s  no t observed : in s te a d ,  r_ in c re a se s  m ono to n ica lly  from 
r  = 0 .00  fo r  b = 0 .0 0  to  r  = 0 .9 9  fo r  b ■ 1 0 .18 (See T able 1 .)
Table 1. Dependence o f th e  C o r re la t io n  C o e f f ic ie n t ,  j ,  on th e  
S lope , b , fo r  L ines o f Equal Goodness o f  F i t  (GOF).3
b r
0 .00 0 .00
0 .3 6 0 .21
0 .50 0 .28
1.00 0 .51
2.00 0 .7  6
5.00 0 .95
10.00 0 .9 9
(a )  Equal GOF fo r  th e se  l in e s  was o b ta in ed  by making the  v e r t i c a l
d is ta n c e s  o f th e  p o in ts  (X ^  Y^) from th e  co rrespond ing  l in e s
th e  same fo r  each o f  th e  n in e  X^(X^ = 0 ,  0 .1 ,  0 . 2 , . . . , 0 . 8 ) .
For a l l  th e se  l i n e s ,  s = 0 .5 0  and s, = 0 .6 k  where s ,
y * x  b  y * x
th e  s tan d a rd  d e v ia t io n  from re g re s s io n ,  and s ^ , th e  s tan d a rd
d e v ia t io n  o f th e  re g re s s io n  c o e f f i c i e n t ,  a re  d e fin ed  in  th e
t e x t .  A lthough th e  v a lu e s  o f  r ,  s  , and s. depend on they * x  d
number and v a lu es  o f  th e  (X^, Y^)’ s ,  th e  tre n d  shown above 
i s  v a l id  in  a l l  c a s e s .
Although we contend th a t  e q u a l d e v ia t io n s ,  i , . e . ,  eq u a l v e r t i ­
c a l  d is ta n c e s  o f  p o in ts  from th e  l i n e ,  im ply eq u al GOF re g a rd le s s  
o f  s lo p e , o th e r  m easures o f  GOF have been developed which p u rpose­
f u l l y  in c lu d e  a  dependence on th e  range o f th e  Y ^ 's  o f  th e  d a ta  
(and , th e r e f o r e ,  on th e  s lo p e )  because o f  th e  f e e l in g  th a t  a g iven  
d e v ia t io n  from a l in e  o f  sm all s lo p e  i s  "w orse" th an  th e  same d e v ia ­
t io n  from a l in e  o f  g r e a te r  s lo p e .19 However, even i f  t h i s  view i s  
a cc e p ted , th e  d e f in i t io n  o f r  i s  ex trem ely  b ia se d  in  i t s  dependence 
on s lo p e . For exam ple, i n  o rd e r to  o b ta in  th e  same r  ( e . g . ,  r  = 0 .95 )»
th e  n ine  p o in ts  w ith  X  ̂ = 0 .0 1 , 0 . 2 , . . . , 0 . 8  must be f iv e  tim es as
f a r  from a l in e  w ith  b = 5 as  from a l in e  w ith  b = 1 and tw ice  as
f a r  from a l in e  w ith  b = 1 a s  from a l in e  w ith  b = 0 .5 * 20 (See
F igure  1 .)  An e q u a l i ty  o f  r ' s  f o r  l in e s  o f  d i f f e r e n t  s lo p es  c e r t a i n ­
ly  does no t in d ic a te  th e  same f i t ,  and i t  i s  ve ry  d i f f i c u l t  to  keep 
th e se  f a c to r s  in  th e  p roper p e r s p e c t iv e . In  f a c t ,  few chem ists  do , 
and r  v a lu es  a re  r o u t in e ly  compared fo r  LFER's which have v e ry  
d i f f e r e n t  s lo p e s .11*21 
O ther M easures o f  Goodness o f  F i t
C le a r ly , th e r e f o r e ,  r, i s  no t an adequate  m easure o f  f i t  o f 
d a ta  to  th e  l e a s t  sq u ares  l in e  fo r  LFER's. T here a r e ,  in  f a c t ,  two 
so u rces  o f  v a r i a b i l i t y  which in f lu e n c e  th e  GOF: th e  v a ria n c e  (o r  
s tan d a rd  d e v ia t io n )  o f  th e  Y ^ s  o b ta in ed  by r e p l i c a t e  measurements
a t  each  X. and th e  d e v ia t io n s  o f  th e  means o f th e se  Y. d i s t r ib u t io n s  x i
from th e  l e a s t  squ ares  l i n e . 5 ’6 *22 The r e p r o d u c ib i l i ty  o f th e  
experim ent d e term ines th e  f i r s t  f a c to r ,  and th e  f a i lu r e  o f th e  model
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F ig u re  1 . A p lo t  o f  l in e s  o f v a r io u s  s lo p e s  w ith  th e  same c o r r e l a ­
t io n  c o e f f ic ie n t  ( r  = 0 .9 5 ) • The v e r t i c a l  d is ta n c e  o f each p o in t 
from th e  b=5 l in e  i s  f iv e  tim es t h a t  from th e  b= l l in e  and te n  tim es 
th a t  from th e  b=0.5 l i n e .  The s lo p es  a re  re p o r te d  a t  th e  95$ c o n f i ­
dence le v e l  as b + ( t ) ( s ,  ) .  A lthough th e  values^ o f  b , s . ,  s ,b ' °  b y*x
and ic a re  dependent on th e  number and lo c a t io n  o f  th e  p o in ts ,  the  
co n c lu s io n  th a t  th e  p o in ts  m ust be f u r th e r  from l in e s  o f  g re a te r  
s lo p es  in  o rd e r to  keep r  c o n s ta n t i s  independen t o f th e se  f a c to r s .
Y
M
>"-b= 0.5 ±0.1 
( sv x= 0.05)
X
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( i n  LFER's, th e  model su g g es ts  a l in e a r  r e l a t io n )  to  ad eq u a te ly  
e x p la in  the  d a ta  le ad s  to  the  second f a c t o r . 23 The s tan d a rd  d e v ia ­
t io n  o f Y (Sy), eq s a t i s f a c t o r i l y  m easures th e  f i r s t  e f f e c t ;  in
s
y
which y = - Y, Y i s  th e  average o f  th e  Y ^ s ,  and n i s  th e  number
o f p o in t s .8^ S ince i t  i s  g e n e ra l ly  assumed th a t  i s  the  same fo r 
th e  Y  ̂ d i s t r ib u t io n s  about a l l  X / s ,  r e p l i c a t e  d e te rm in a tio n s  need 
be made f o r  on ly  one X^. However, an average s^  o b ta in ed  from th e  
s tan d a rd  d e v ia t io n s  o f  Y a t  s e v e ra l  X ^ 's  i s  p r e f e r a b le .  We p re fe r  
to  c a l l  t h i s  s t a t i s t i c  which in v o lv es  th e  f i r s t  f a c to r ,  a measure 
o f  r e p r o d u c ib i l i ty ,  and th o se  s t a t i s t i c s  which in v o lv e  th e  second 
f a c to r ,  m easures o f  GOF.
A m easure o f GOF which J a f f e 11 co n s id e red  was the  s tan d a rd  
d e v ia t io n  from re g re s s io n 86 in  which d^ i s  th e  v e r t i c a l  d is ta n c e  o f 
th e  p o in t from th e  l i n e ,  d^ = Y^ - (bX^ + a ) ,  and n i s  th e  number
-  (— ) "X V „-2 /" I— '— I (5)
o f  p o in ts .  However, he observed  a  dependence o f  on s lo p e ;
th a t  i s ,  Sy>x in c re a se s  w ith  in c re a s in g  m agnitudes o f rho in  th e  
Hammett e q u a tio n . Although s x e x p l i c i t l y  depends on n and in d i -
I
c a te s  th e  v e r t i c a l  d e v ia t io n s  o f th e  p o in ts  from th e  l i n e ,  a p o s s i ­
b le  d e f ic ie n c y  o f t h i s  s t a t i s t i c  i s  t h a t  i t  i s  independent o f  X and,
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th e r e f o r e ,  f a i l s  to  r e f l e c t  th e  in c re a se d  co n fidence  in  th e  r e g r e s ­
s io n  l in e  supposedly  im parted  by an in c re a s e  in  th e  range o f X.7 The 
s tan d a rd  d e v ia t io n  o f  th e  r e g re s s io n  c o e f f i c i e n t ,  s ^ ,  a n o th e r p o s s i-
s t a t i s t i c  i s  b o th  dependent on th e  range o f  X^ and in c o rp o ra te s  th e
In  p roposing  a m easure o f  GOF fo r  use w ith  LFER's, 26 we r e a l iz e  
th a t  " in  g e n e ra l no s a t i s f a c to r y  s t a t i s t i c a l  p rocedure  h as  so f a r  
been g iven  fo r  th e  Hammett e q u a t io n .,,2? A f i r s t  s te p  in  o b ta in in g  
th i s  d e s ire d  s t a t i s t i c  i s  th e  abandonment o f  m easu res, l ik e  r ,  which 
have been shown to  have s ig n i f i c a n t  d e f ic ie n c ie s  and th e  ad o p tio n  o f  
s t a t i s t i c s  whose p ro p e r t ie s  more c lo s e ly  resem ble th e  q u a l i t i e s  
sought in  t h i s  m easure. S ince we f e e l  th a t  eq u a l v e r t i c a l  d e v ia t io n s  
im ply eq u a l GOF's and th a t  co n fid en ce  in  th e  re g re s s io n  l in e  i s  
in c re a se d  by in c re a s in g  th e  range o f X ^ 's ,  we p re fe r  to  use th e  
s tan d a rd  d e v ia t io n  o f  th e  r e g re s s io n  c o e f f i c i e n t .  T h is s t a t i s t i c ,  
endorsed  by o th e r  c h e m is ts ,7 *28 can be used i n  com bination  w ith  th e  
t - d i s t r i b u t i o n  to  s u c c in c t ly  e x p re ss  th e  co n fid en ce  w ith  which the 
r e g re s s io n  c o e f f i c i e n t  i s  known. 89 However, th i s  s t a t i s t i c  may 
no t be p e r f e c t .  U n t i l  th e  d e s ire d  m easure o f  GOF i s  found, we 
su g g es t t h a t  LFER d a ta  be re p o r te d  as fo llo w s : "The slo p e  i s  b and 
i t s  i n t e r v a l  e s tim a to r  (u n c e r ta in ty )  i s  +  ( t ) ( s j :)) . 8S The s tan d a rd
b le  m easure o f  GOF, i s  r e l a t e d  to  s y<x, where x = Xi  - X .8e T his
s
s y«x ( 6)
o th e r  d e s ir a b le  q u a l i t i e s  o f  s,
d e v ia t io n , a m easure o f  th e  r e p r o d u c ib i l i ty  o f  Y fo r  a g iv en  X^, i s  
Sy fo r  m d u p lic a te  d e te rm in a tio n s . The number o f  X ^ 's  i s  n ."  
Summary
The w idely-em ployed c o r r e la t io n  c o e f f ic ie n t  r ,  a lth o u g h  u se fu l 
in  h y p o th e s is  t e s t i n g ,  i s  n o t a v a l id  m easure o f  GOF in  LFER's 
because r  depends on th e  s lo p e  o f  th e  l i n e .  T h e re fo re , th e  r ig i d  
c r i t e r i a  fo r  " a c c e p ta b le "  p lo ts  o f  LFER's in  term s o f  r ,  as g e n e ra l­
ly  s t a t e d ,  a re  m ean in g less . We recommend th a t  th e se  s t a t i s t i c a l  
t e s t s  o f r e l i a b i l i t y  be re p o r te d :  th e  s tan d a rd  d e v ia t io n  fo r  r e p l i ­
c a te  d e te rm in a tio n s , and th e  in t e r v a l  e s t im a to r8^ o f th e  s lo p e ,
m
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It may be said with n$ confidence that the true value of the
slo p e  l i e s  w ith in  + ( t  „ , ) ( s ,  ) o f  th e  c a lc u la te d  s lo p e ,— n-d,  l-m  b
b .8S The t  „ . v a lu e  fo r  n p o in ts  and a co n fid en ce  le v e l  n -2 ,l-m  r
o f m$ can be o b ta in ed  from a ta b le  o f  th e  D is t r ib u t io n  o f t  
(Tw o-Tailed T e s t s ) .8*1
APPENDIX 2
THE KINETIC IMPORTANCE OF " IDENTITY" REACTIONS.
In  a l l  system s s tu d ie d  by th e  method o f  co m p e titiv e  d isap p earan ce  
o f  s u b s t i tu te d  s u b s tr a te s  (eq 1-*)-), e x is te n c e  o f  " id e n t i ty "  r e a c ­
t io n s  (eqs 3 and 4 ) cou ld  in v a l id a te  th e  norm al k in e t ic  a n a ly s is .
RH + P- (1)
RH + Q* (2 )
QH + P ' (3)
PH + Q- (4)
However, i t  i s  o f te n  assumed th a t  i f  th e  r a t i o  o f  r a t e  c o n s ta n ts ,  k /’ a
kJ| , rem ains fix ed  as the  r a t i o  o f  c o n c e n tra tio n s  o f  s u b s t r a te s ,  PH 
and QH, i s  changed, th en  th e se  " id e n t i ty "  r e a c t io n s  do n o t a f f e c t  
t h i s  a n a ly s is ,  ( i t  should  be noted  th a t  th e  q u a n t i ty  which is  
a c tu a l ly  observed to  be c o n s ta n t i s  no t k / k 1 b u t th e  r a t i o  o f  the
3 3
lo g a rith m s o f th e  f r a c t io n  o f  PH and QH rem ain ing  a f t e r  r e a c t io n  
[ lo g  F(PH )/log F(QH) = L ] .)  I  s h a l l  prove th a t  i f  L i s  independent 
o f  th e  r a t i o  o f  s u b s tr a te  c o n c e n tra tio n s  (X = PH/QH), th en  the  r a t e s  
o f  th e  " id e n t i ty "  re a c t io n s  (eqs 3 and M  a re  e q u a l. I t  i s  e a s i ly  
seen  th a t  i f  th e se  r a t e s  a re  e q u a l, th en  th e  e x te n t  to  which one 
r e a c t io n  consumes s u b s tr a te  i s  e x a c tly  com pensated by th e  re v e rse  
r e a c t io n .  T h e re fo re , th e se  " id e n t i ty "  r e a c t io n s  a re  no t k in e t i c a l l y  
s ig n i f i c a n t  i f  L i s  independent o f  X.
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R- + PH ~=“ >
R- 4- QH
k
Q • + PH —
P . + QH -z - >
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The p ro o f i s  as fo llo w s . The r a t i o  o f  th e  r a t e s  o f  consum ption 
o f  PH and QH i s  g iven  in  eq 5 .
-d[PH] _ k [R*][PH] + k ,[Q -][P H ] - k. [P-][QH] _ U
------------ “  _ § ----------------------- 1 . .. ------------------it---------------  “  -  fcN
-d[QH] k ;[R .][Q H ] - k5 [Q .][PH ] +  k^[P-][Q H ] V
M u ltip ly in g  eq 5 by X (= [QH] /[PH ] ) and in te g r a t in g  betw een th e  
l im i t s  o f  i n i t i a l  ( a t  tim e t  ** 0 ) and f i n a l  ( t  = t 1) c o n c e n tra tio n s  
o f  PH and QH g iv es  eq 6 .
t = lo g  FjPH) = uCt'-O),
log  F(QH) V X (t'-0 ) ^
I t  i s  observed  e x p e r im en ta lly  th a t  L i s  independen t o f  X, i . e . ,  th a t  
th e  d e r iv a t iv e  o f  L w ith  r e s p e c t  to  X i s  z e ro . T his o b se rv a tio n  
i s  ex p erim en ta l ev idence  th a t  th e  ap p a ren t fu n c tio n a l  dependence o f  L 
on X in  eq 6 i s  no t r e a l iz e d  because o f  a f a c to r  o f  X embedded in  U/V.
There a re  two p o s s ib le  c o n d itio n s :  e i t h e r  th e  r a t e s  o f  eqs 3 and 
k a re  e q u a l, o r th ey  a re  n o t. I f  th e  r a t e s  a re  th e  same, th en  eq 5
can be s im p l i f ie d ,  m u lt ip l ie d  by X"*, and in te g ra te d  to  g ive eq 7 .
k
L  =  s f  CT>
C le a r ly , L i s  independen t o f X in  t h i s  c a se .
The p ro o f i s  com pleted by showing th a t  th e  assum ption  o f  the  
o th e r  c a se , th e  r a t e  o f  eq 3 I s no t eq u a l to  th a t  o f  eq 4 ,  combined
IT 2
w ith  th e  independence o f changes in  L w ith  changes in  X lead s  to  a 
m athem atica l and cl 
g ives Y/Z (eq 8 . ) .
hem ical im p o s s ib i l i ty .  M u ltip ly in g  U/V by X ^
Y  =  u  =  L  =  k a CR # ]  +  k , C Q ' ]  -  \ D M  x "1
z vx k;[R .] - k5 [Q.] x - k^[p-]
Since th e  d e r iv a t iv e  o f  L w ith  re s p e c t  to  X i s  z e ro , th e  d e r iv a t iv e  
o f  Y/Z w ith  r e s p e c t  to  X i s  a lso  ze ro  (eq  9 ) •
k^[P-]ZX "2 + k5 [Q-]Y = 0 (9)
R earrang ing  th i s  e q u a tio n  g iv es  eq 10.
f c [ P . ] x ' 2 Y
k , [ Q . ]  - " Z  = ' L ( 10)
However, because th e  q u a n t i t i e s  in  eq 10 a re  p o s i t iv e  (L i s  p o s i t iv e  
because i t  i s  th e  r a t i o  o f  two n e g a tiv e  num bers, th e  log arith m s o f 
th e  f r a c t io n  o f  PH and QH re m a in in g ) , t h i s  e q u a tio n  i s  absurd  u n le ss
bo th  s id e s  e q u a l z e ro . T h is e q u a tio n  i s  ch em ica lly  im p o ssib le  i f  
b o th  s id e s  a re  z e ro ; th e  l e f t  s id e  i s  ze ro  i f  th e  r e a c t io n  o f  eq 3 
i s  much f a s t e r  th an  th a t  o f  eq 4 , b u t L = 0 on ly  i f  no PH d is a p p e a rs ,
i . e . , o n ly  i f  th e  r e a c t io n  o f  eq 4 i s  much f a s t e r  th an  th a t  o f  eq 3- 
T h e re fo re , th e  " id e n t i ty "  re a c t io n s  (eqs 3 a ttd h)  do n o t a f f e c t  
th e  k in e t ic  a n a ly s is  d iscu ssed  in  C hapter 3*
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